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Transition metal oxides exhibit an interesting variety of physical properties such as
metal-insulator transition, coexistence of ferromagnetism and ferroelectricity, high Tc
superconductivity, charge-orbital ordering, phase separation, etc due to a strong
correlation between charge, spin and lattice degrees of freedom. Perovskites are oxides
described by general formula ABO3, where A is a trivalent rare earth or divalent alkali
earth and B is a 3d transition metal. By substituting a trivalent cation on A site by a
divalent cation, part of 3d transition metals on a B site changes their valence state and a
mixture of 3d metal cations with different valences appears in the material. This has an
influence on magnetic, electrical and structural properties, such that they can be
effectively controlled by doping. Particularly, in Mn-based (manganites) and Co-based
(cobaltites) perovskite oxides, a balance between these interactions and the spectacular
sensitivity to external stimuli like magnetic field, electric field, pressure, radiation etc.
leads to multiple colossal effects like magnetoresistance, electroresistance,
magnetocapacitance, and other intriguing mechanisms like large magnetocaloric effect,
giant anisotropic magnetostriction, spin-state transitions, high Seebeck coefficient etc.,
thus making them attractive for potential applications like magnetic field sensor, read
heads, solid oxide fuel cells, gas detection sensor, etc. and hence, a testing ground for
many experimental and theoretical studies.
In this thesis, we investigate aspects like dc and ac magnetotransport,
magnetocaloric and thermoelectric properties of selected manganites and cobaltites which
have not been studied before. The investigated systems are: Sm0.7-xLaxSr0.3MnO3 (x= 0-
0.7), La0.7-xPrxCa0.3MnO3 (x= 0- 0.4) and Pr0.5-xBixSr0.5CoO3 (x= 0- 0.1). We discuss the
possible origins of observed effects.
xSm0.7-xLaxSr0.3MnO3: The samples show second-order paramagnetic (PM) to
ferromagnetic (FM) transition accompanied by an insulator to metal transition at their
respective Curie temperature which is tunable anywhere between 83 K and 372 K with a
proper choice of the doping level (x). Interestingly, an unusual cusp peak in the
magnetization is found at a temperature well within the ferromagnetic region in all but the
x= 0.7 compounds. We propose that the low temperature cusp is due to ferrimagnetic
interaction between Sm(4f) and Mn(3d) sublattices that promotes spin-reorientation
transition of the Mn-sublattice. Studies of magnetocaloric effect (MCE) reveal the
coexistence of both normal and inverse MCE in a single compound with excellent
magnetocaloric properties which is promising for magnetic refrigeration technology. The
series has an almost constant Sm value with tunable Tc makes these compounds interesting
for application over a wide temperature range. Alternating current (ac) magnetotransport
using impedance spectroscopy proved that it is an alternative strategy to enhance ac
magnetoresistance in manganites and also a valuable tool to study magnetization dynamics,
and to detect magnetic phase transitions. A simple IC oscillator circuit is used as a
contactless tool to measure the radio frequency transverse susceptibility which helps to
probe the magnetic anisotropy transitions in the samples. Thermoelectric power is studied
as a function of doping, temperature and magnetic field in detail and a possible correlation
between magnetoresistance and magnetothermopower is envisaged.
La0.7-xPrxCa0.3MnO3: In contrast to the former compound, this compound shows a
first-order paramagnetic to ferromagnetic transition which is also accompanied by an
insulator to metal transition. Magnetization isotherms exhibit a field-induced metamagnetic
transition in the PM state, and it is accompanied by a change in latent heat as evidenced by
the DSC (Differential scanning calorimeter) data. MCE was investigated using magnetic
and calorimetric (DSC and DTA- Differential thermal analysis) methods and compared.
We suggest that nanometer-sized ferromagnetic clusters are pre-formed in the PM state
xi
above Tc, and they coexist with short-range charge-orbital-ordered (COO) clusters in zero
field for x>0. A large MCE with negligible hysteresis in M-H is observed which is
associated with the metamagnetic transition resulting from the destruction of the COO
clusters and growth of ferromagnetic clusters in size. Temperature and field dependences
of thermopower are also investigated for few selected compositions.
Pr0.5-xBixSr0.5CoO3: The parent compound Pr0.5Sr0.5CoO3 is known to exhibit an
anomalous second magnetic transition (much below the ferromagnetic transition) which
also shows up in the specific heat, thermal expansion and structure and is attributed to
change in magnetocrystalline anisotropy driven by Pr-O hybridization. The possible effects
of doping a non-rare-earth element (Bi) at the Pr-site and its influence on the electrical,
magnetic and thermal transport properties are investigated. The double transition is found
to persist until the highest Bi-doping studied (ie, x= 0.1). However, Bi-doping causes the
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Transition metal oxides form an amazing class of materials with a wide range of
properties. They exhibit a variety of phenomena such as ferromagnetism, ferroelectricity,
superconductivity, charge-orbital ordering, electronic phase separation and so on. The
discoveries of high temperature superconductivity in Cu-based oxides (cuprates), colossal
magnetoresistance in Mn-based oxides (manganites) in late 80's and early 90's, unusually
large thermopower in layered metallic cobalt oxides in late 90's and coexistence of
ferromagnetism and ferroelectricity in some manganites in the beginning of 21st century
have given a big boost to research on oxides. [1,2,3] In particular, manganites continue to
attract much attention because their electrical resistivity is surprisingly sensitive to
multiple external stimuli such as magnetic field, electrical field, light, pressure, strain, etc.
These properties arise partly due to intimate connection between spin, charge, and orbital
degrees of freedom, accompanied with strong electron correlation among charge carriers.
This chapter is organized as follows. First, we present a brief overview on Mn-based
perovskite oxides (known as manganites) and Co-based perovskites (known as cobaltites)
and their electronic properties. Then, we discuss few exotic phenomena exhibited by these
materials such as charge ordering, orbital ordering, phase separation etc. Next we briefly
discuss the four main phenomena, which are investigated in this work. First, we present a
brief description of alternating current magnetotransport or giant magnetoimpedance
properties of metallic ferromagnetic manganites. Next, we give a short description on
radiofrequency transverse susceptibility studies. This is followed by a short review on
magnetocaloric effect in manganites along with the techniques involved in the indirect and
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direct methods of measurement. We then present a brief introduction to thermoelectric
effect in oxides, in particular on Mn and Co-based oxides. We also give a brief idea about
ferrimagnetism and spin-reorientation which will be useful for the discussions in the
forthcoming chapters. Then, we give a background to the three major systems selected for
this study. Finally, we highlight the scope and objectives of this thesis work along with a
brief note on the organization of rest of the thesis.
1.1. Perovskite oxides
In the past few decades, there has been a lot of focus on the colossal
magnetoresistance (CMR) properties of the hole-doped pseudocubic perovskite RE1-
xAExBO3, where RE – rare earth element (La, Nd, Pr, etc.), AE – alkaline-earth element
(Sr, Ca, Ba, Pb etc.) and B – 3d transition metal ions (Co, Mn) and its relation to structural
and magnetic properties. [1] They show a baffling variety of interlinked electronic,
magnetic and structural phenomena such as insulator-metal (IM) transition induced by
carrier doping (x) as well as temperature variation, magnetic phase transitions
(paramagnetic to ferromagnetic or ferromagnetic to antiferromagnetic or paramagnetic to
antiferromagnetic) accompanying the I-M transition, real space ordering of charges, orbital
ordering and their melting under magnetic field, nanoscale and micron scale phase
separation, magnetic field-induced structural transition and a number of colossal effects
(magnetoresistance, electroresistance, photoresistance, pressure tunable resistance)  etc.
Large interest was devoted mainly to mixed valence manganites, where the A site
is occupied by 3+ cations which are substituted with 2+ cations. When the A site is partly
occupied by a 3+ cation of a rare earth and partly by a divalent alkali earth cation, the
resulting change of the electric charge on the A site is compensated by manganese cations
on the B site, part of them changing their valence state from 3+ to 4+. [4,5] Doping on the
A and B site drastically changes the properties of compounds and thus they have very rich
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and complex phase diagrams involving important phases like antiferromagnetic insulator,
ferromagnetic insulator, ferromagnetic metal, charge and orbital ordered states. Therefore
the study of doping can help to understand the processes and interactions responsible for
magnetic and charge ordering.
1.1.1. Crystallographic and electronic structure
Perovskites are oxides that have ABO3 structure, where large cations such as rare
earth (La, Sm, Nd, Pr, Dy…) and alkaline earth (Sr, Ca, Ba, Pb…) ions occupy the A-site
and smaller cations like 3d transitions metal ions (Mn, Co) occupy the B-site. The
compounds where the B-site is occupied by Mn and Co ions are called manganites and
cobaltites respectively. The geometric structure can be represented using a cubic unit cell
with A-site ions occupying the corners (0, 0, 0) and B-ions occupying the body centre (½,
½, ½). The oxygen ions occupy the face centre (½, ½, 0) as in Figure 1.1 forming an
octahedron around the B ions. Crystal structure depends on the composition. The A, B and
O atoms are in 12, 6 and 8 coordination respectively.





Tolerance factor, t is a measure of the stability and degree of distortion of a
structure. It is also used to explore the compatibility of an ion with a crystal structure.
Mismatch between the equilibrium A-O and B-O bond lengths is derived from the










The room temperature, ambient pressure values of t can be calculated from the
values of ionic radii given in literature. [7] When the value of t~ 1, the structure is
expected to adopt cubic symmetry. Since the equilibrium bond lengths of A-O and B-O
bonds have different thermal expansion and compressibilities, t= t(P,T) can have its ideal
value of unity only at a single temperature T for a given pressure P. When t< 1, the B-O
bond is under compression and the A-O bond is under tension. The structure can reduce
these stresses by a co-operative rotation of the BO6 octahedra which causes the B-O-B
bond angle to reduce from 180° to 180°-and Mn-O bond length to reduce. All perovskite
distortions that maintain the A and B site oxygen coordinations involve the tilting of the
BO6 octahedra and an associated displacement of the A cation. For the orthorhombic
structure, these octahedra tilt about the b and c axes, while in the rhombohedral structure
the octahedra tilt about each axis. Tilting of MnO6 octahedra reduces the coordination
number of A site ions from 12 to as low as 8.
 Average ionic radius: Average ionic radius at the A-site is calculated as
A i i
I




 Size Variance ( 2A ) at the A-site
The A-site ionic radii mismatch, i.e. disorder, is quantified by the variance of the A-cation
radius distribution expressed as
22 2
A i i A
i
x r r   , where xi denotes the fractional
occupancy of the A-site ion and ri is the corresponding ionic radius. The variance also
provides a measure of the displacement of oxygen atoms due to A-site cation disorder.
Figure 1.2 illustrates the distortion of structure due to A-site cation size mismatch.
Figure 1.2: Schematic diagram of the MnO6 distortion due to A-site cation size
mismatch.
1.1.2. Electronic properties
Mn and Co are transition metals with valence shell formed by 3d electrons. In the
case of free ions with negligible spin-orbit interaction, the 3d orbits are 5-fold degenerate.
This situation changes when Mn or Co cations are bound in a solid state material on
speciﬁc positions in a crystal lattice. When the cation is placed in an octahedral
environment, the presence of a crystal ﬁeld lifts the orbital degeneracy and the 3d levels
are split. Crystal ﬁeld theory shows that the splitting of 3d energy levels depends strongly
on the symmetry of the crystallographic site. [8] According to the crystal ﬁeld theory, the
energies of 3d orbitals pointing towards the oxygen ligands (3dx2−y2 and 3d3z2−r2) are higher
than those pointing between oxygen (3dxy, 3dxz, 3dyz). The lower and higher energy levels
are called t2g and eg, respectively. The energy gap between the 2 sets of energy states is
called the crystal field energy which is of the order of 1 eV. [1] The ratio of dopant atoms
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at the site determines the valency of the Mn (Mn3+/Mn4+) ions. Figure 1.3 illustrates the
energy levels and orbitals of Mn4+ and Mn3+ ions in a crystal field of octahedral symmetry
and with axial elongation. Following Hund’s rule, the first 3 electrons are placed with
parallel spins to the t2g orbitals and are considered localised. The fourth electron (Mn3+ has
4 electrons in the outermost shell) has to overcome the crystal field energy to occupy the
eg level. When the Hund’s coupling energy is greater than the crystal field energy, this
single electron occupies the eg level spin polarised parallel to the t2g levels, thus maintain a
high spin state. The electronic configuration of Mn3+ ion is t2g3eg1 with S = 2, whereas of
Mn4+ is t2g3 with S = 3/2.
Figure 1.3: Influence of crystal field on the d-orbitals of Mn ions.
Depending on the filling of these orbitals, the B ions can exist in different spin
states. In general, Co/Mn cation can have 3 different valence states- 2+, 3+ and 4+. [9] A
property which distinguishes cobaltites from manganites is that the crystal field splitting
energy is of the same order as the Hund’s intra-atomic exchange energy and thus spin-state
transitions can be easily provoked in cobaltites. Depending on the composition, crystal
field strength and external parameters (like pressure, temperature, chemical environment,
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etc.) [10], Co3+ can exist in 3 different spin states: a low spin state (LS) with L= 0,
intermediate state (IS) with L= 1 and a high spin state (HS) with L= 2 [11].
Figure 1.4: Different spin states of Co ion.
Jahn Teller distortion
According to Jahn-Teller theorem [12], any non-linear molecular system with
degenerated orbital energy ground levels are usually unstable and has a tendency to lower
the symmetry and energy thereby removing the degeneracy. Therefore, systems with
transition metals in octahedral surrounding and degenerated energy levels exhibit
spontaneous distortion of octahedron and a lowering of the crystal ﬁeld symmetry which is
accompanied by splitting of energy levels. This eﬀect is called Jahn-Teller eﬀect (JTE) or
Jahn-Teller distortion. The JTE is typically an order of magnitude smaller than the crystal
ﬁeld splitting energy. In the presence of the JT distortion, the eg orbitals have diﬀerent
energies, which leads to many interesting phenomena like orbital ordering in manganites.
In Jahn-Teller effect, both electronic and lattice motions are coupled. In
manganites, the orbital degeneracy of the eg electrons are lifted because of the movement
oxygen ions from their original positions. The two possible modes of vibrations
(tetragonal and orthorhombic distortions) responsible for the splitting of the eg doublet i.e.,
for Jahn-Teller distortion are shown in Figure 1.5. [13] The JT distortion is rather effective
in the lightly doped manganites. However, with increasing doping level which increases
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the Mn4+ ions content, the Jahn–Teller distortions are reduced and the stabilization of the
3d3z2−r2 eg orbital becomes less effective.
Figure 1.5: The two Jahn-Teller modes which cause the splitting of eg doublet.
1.1.3. Magnetic interactions
From the correlations between crystal structure and the Curie temperature and the
fact that different samples with same lattice constant had different Curie temperatures, it
can be inferred that a picture of simple exchange interaction cannot explain the
ferromagnetic transition in manganites. [14] In order to understand the physics of
manganese perovskites, it is necessary to know the possible magnetic interactions, which
can occur between Mn/Co ions, i.e. the super-exchange (SE) and double exchange (DE)
interactions, both of which are indirect exchange interactions between two non-
neighboring magnetic (Mn) ions which is mediated by a non-magnetic (oxygen) ion which
is placed between the magnetic ions.
Superexchange interaction
The superexchange interaction mechanism was first proposed by Kramers [15] in
1934 and refined by Anderson in 1950. [16] According to Pauli’s exclusion principle,
for two magnetic ions with half-occupied orbitals, which couple through an intermediary
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non-magnetic ion (O2-), the superexchange will be strongly antiferromagnetic while the
coupling between an ion with a filled orbital and one with a half-filled orbital will be
ferromagnetic. The coupling between an ion with either a half-filled or filled orbital and
one with a vacant orbital can be either antiferromagnetic or ferromagnetic (generally
ferromagnetic). Figure 1.6 (a) shows the schematic diagram of the super exchange
mechanism.
The Heisenberg Hamiltonian of the t2g spins is given by
.SE AF i jH J S S 
where, Si represent the t2g spin at site i and summation is over all the neighboring pairs
<ij> and JH is the antiferromagnetic interaction. In manganites of RE1-xAExMnO3 form,
this JH interaction is more dominant at and around x= 0 composition to stabilize
antiferromagnetic phase. However, this interaction is negligible compared to Hund's rule
coupling in ferromagnetic phase.
Double exchange
Ferromagnetic order in the mixed-valence manganites is induced by the double-
exchange mechanism proposed by Zener in 1951 based on the assumption of a strong
intra-atomic exchange interaction between a localized spin and a delocalized electron. [17]
According to this mechanism, ferromagnetic metallic phase is established by double
exchange interaction supported by strong Hund's rule coupling (JH) between the different d
electrons of Mn which causes the Mn3+ ion to have maximum possible spin of S = 2. As
we have discussed earlier, three electrons occupy the lower t2g level forming localized
magnetic moment of net spin S= 3/2 and fourth electron moves to the eg level forming an
itinerant band with spin parallel to the core spin by strong Hund's rule coupling present in
the system. Further, the Jahn-Teller distortion causes eg band to split into two bands with
spins parallel and antiparallel to the core spins. Only the lower band corresponding to
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parallel spins is involved in the low energy properties of the system due to the fact that JH
is large. In the strong coupling limit where the Hund’s-rule coupling energy or the
exchange energy JH exceeds the inter-site hopping interaction t0ij of the eg electron
between the neighboring sites, i and j i.e., JH>>tij, the effective hopping interaction of the
conduction electron is expressed as, [18] tij = t0ijcos(ij/2). Thus, the hopping magnitude of
itinerant eg electron depends on cos(θij/2) where θij is the angle between neighbouring core
spins. In hole doped manganites, the hopping of eg electron from Mn3+ to Mn4+ ion via
oxygen ion is called double exchange which leads to metallic ferromagnetism. Figure
1.6(b) shows the schematic diagram of the double exchange mechanism.
Figure 1.6: Schematic diagram of the (a) double exchange and (b) super exchange
mechanisms.
Band ferromagnetism in cobaltites
It is not proven unambiguously that ferromagnetism in cobaltite is due to the
double exchange interaction. It is believed that cobaltites show band ferromagnetism, i.e.,
conduction band is spontaneously split into spin up and spin down bands by intraatomic
exchange interaction and both types of spins are present at the Fermi level though
population of spin up electrons is higher. [19] In that sense, ferromagnetism in cobaltite is
similar to transition metal ions such as iron and nickel. In molecular-orbital theory, t2g
orbitals of adjacent Co ions overlap to form  band and eg orbitals for  band, which can
be further divided into antibonding (*,*) and bonding(,) orbitals. According to
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Raccah and Goodenough, as long * spin up band is less than half filled and * band is
more than three quarter filled, itinerant electron ferrromagnetism occurs in cobaltite.
Figure 1.7: Band ferromagnetism in cobaltites (adapted from [19])
Colossal Magnetoresistance
Colossal magnetoresistance (CMR) is a property of manganites which causes a
dramatic change in the resistance under a magnetic field. Magnetoresistance, MR is
defined in general as
MR = [ρ(H)- ρ (0)]/ ρ (0)
where (0) and (H) are the resistivity values in zero and specific magnetic field (H),
respectively.
Undoped manganite LaMnO3 contains Mn ions in the Mn3+ state which is a Jahn
Teller ion. All the eg and t2g electrons are subject to electron repulsion interaction or the
electron correlation effect and thus tend to localize to form so called Mott insulator. [20]
When a fraction x of La3+ is replaced by divalent Sr2+, Ca2+ or Ba2+, holes are introduced




0). Here, the t2g electrons are stabilized by the crystal field splitting and become
localized with spin (S= 3/2) and eg electrons become itinerant and play an important role in
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the electron conduction. When x= 0.175, JT distortion vanishes and the system becomes
ferromagnetic with Curie temperature (Tc) near room temperature. The material is a non-
magnetic insulator above Tc and ferromagnetic metal below Tc with an extremely large
magnetoresisitve effect near Tc the material which is termed as colossal magnetoresistance.
In the case of strong Hund’s coupling between the eg conduction electron spin (S =
1/2) and t2g localized spin, the effective hopping interaction of the conduction electron is
[18] tij = t0ijcos(ij/2). According to this relation, the ferromagnetic state is stabilized when
the kinetic energy of the conduction electron is maximum (ij= 0). As discussed in double
exchange, the metallic ferromagnetism is achieved due to hopping of eg electron from
Mn3+ to Mn4+ ion via oxygen. However, the spins are dynamically disordered above or near
Tc, effectively reducing the hopping interaction and increasing the resistivity. On the
application of an external magnetic field, these local spins are relatively aligned resulting
in an increase in the effective hopping interaction giving rise to colossal magnetoresistance
around Tc in manganites. A correlation [21] between the magnetoresistance and
magnetization is also found near Tc, which is expressed by a scaling function as follows.
   2( ) (0) / (0) / sH C M M    
where Ms is the saturation magnetization of the compound and C is the effective coupling
between the spins of itinerant eg-holes and localized t2g-electrons. The CMR effect is only
one manifestation of a competition between double exchange that favours ferromagnetic
order, and a combination of Jahn-Teller coupling, Coulomb interactions, and




1.2. Complex ordering phenomena and electronic phase separation
In manganites, electrons localizing on specific atomic sites frequently exhibit
cooperative electronic ordering phenomena due to the strong correlation effect. These
phenomena include charge order, orbital order and spin order and are usually accompanied
by magnetic, structural and metal-insulator phase transitions etc.
1.2.1. Charge ordering
Charge ordering (CO) is a first- or second- order phase transition observed in
solids involving the ordering of metal ions in different oxidation states in specific lattice
sites of a mixed valent material. The electrons in the material are generally localized
making it insulating or semiconducting. This phenomenon was first proposed by Wigner
and was first discovered in magnetite (Fe3O4) by Verwey. [23] He observed an increase of
electrical resistivity by two orders of magnitude at TCO= 120 K suggesting a phase
transition which is well-known as the Verwey transition. The low-temperature ordered
state in Fe3O4 is very complex giving rise to low crystal symmetry (monoclinic or triclinic)
and involves the distribution of Fe3+ and Fe2+ over several sites. Verwey suggested that the
electrons belonging to Fe2+ and Fe3+ ions in Fe3O4 order themselves over octahedral sites
coordinated by oxygen.
Complex CO is found in the several perovskite oxides such as La1-xSrxFeO3 [24],
quasi-two-dimensional La2-xSrxNiO4 [25] and manganites. [26, 27] CO which favors
antiferromagnetism and insulating behavior competes with double exchange interaction
which favours metallicity and ferromagnetism giving rise to an unusual range of properties
that are sensitive to factors like the size of A-site cations. The cooperative JTE induces
additional effects such as lattice distortion and electron localization in the charge-ordered
state. Chen and Cheong [28] observed the charge ordering in La0.5Ca0.5MnO3 by using
electron microscopy for the first time. On cooling, it first undergoes a ferromagnetic
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transition around T = 220 K with conducting state and then goes through an
antiferromagnetic transition around T = 160 K with insulating state. At the latter transition,
the Mn3+ and Mn4+ ions adopt the charge ordered chequerboard arrangement [29] as shown
in Figure 1.8(a). A pattern of orbital ordering also exists independent of the charge
ordering [30] as shown in the Figure 1.8(b) and (c), and is discussed below.
Figure 1.8: (a) The chequerboard CO arrangement of Mn3+ and Mn4+ ions (b)
Orbital order pattern for Mn3+ ions, [31] which implies that there is incomplete
occupancy of the oxygen 2p shell. (c) The ordered arrangement of O− ions between
Mn3+ pairs in the Zener polaron model. [32, 33] (Adapted from Ref: [34]).
1.2.2. Orbital ordering
When the cations are in the orbitally degenerate state, a preferential occupation of
specific d-orbitals can lead to the development of a long-range ordered pattern. This
phenomenon, referred as orbital ordering, makes the bonding between the cations in the
oxides strongly directional depending on the kind of the occupied orbitals and their mutual
orientation, which further influences magnetic interactions and electron transport. It plays
an important role in the CMR effect and gives rise to anisotropy of the electron-transfer
interaction. This favors or disfavors the double-exchange interaction (ferromagnetic) and
the superexchange interaction (antiferromagnetic) in an orbital direction-dependent
manner and thus gives a complex spin-orbital coupled state. This is usually observed
indirectly from the cooperative Jahn-Teller distortions that result as a consequence of the
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orbital order [35] and vice versa. Various manganites exhibit orbital ordering at low
temperature. For example, at the antiferromagnetic transition of La0.5Ca0.5MnO3, the single
eg electron of Mn3+ can occupy one of the two eg orbitals due to the Jahn-Teller effect,
forming an orbital ordering pattern as shown in Figure 1.8(b) and (c). Since the ionic
radius of Ca is less than that of Sr, it is expected that the doping introduces more distortion
into the crystal structure. Thus, instead of a typical double exchange behaviour observed in
the Sr-doped manganite, both charge and orbital ordering are observed in La0.5Ca0.5MnO3.
1.2.3. Phase separation
Phase separation (PS) refers to the co-existence of two or more phases such as
charge and orbital ordering in a single compound. The most relevant examples of phase
separated compounds are cuprates with hole densities in the under-doped region and
manganites in the regime of colossal magnetoresistance (CMR). [36] PS is the result of
competition between charge localization and delocalization, both of which are associated
with contrasting electronic and magnetic properties. In manganites, it arises due to phase
competition between ferromagnetic metallic and charge-ordered insulating phases. [37,38]
Interestingly, PS covers a wide range of length scales from 1- 200 nm and can be either
static or dynamic in nature. [37] PS leads to interesting electronic and magnetic properties
in manganites. The double-exchange mechanism of electron hopping between the Mn3+
and Mn4+ ions favours the ferromagnetic (FM) metallic phase below Tc and the
paramagnetic insulating state above Tc whereas in the insulating state, the JT distortion
associated with the Mn3+ ions localizes the electrons and favours the CO of Mn3+ and Mn4+
ions. In some manganites, the competition between CO and double exchange interaction
promotes the antiferromagnetic (AFM) insulating behaviour, and hence there is a
coexistence of both charge ordered AFM and FM clusters [37,39] leading to different
charge densities and transport properties and is generally known as the electronic phase
separation. It gives rise to microscopic or mesoscopic inhomogeneous distribution of
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electrons resulting in rich phase diagrams involving various types of magnetic structures.
Evidences for the presence of electronic PS in rare earth manganites come from studies
like neutron diffraction in La1−xCaxMnO3 [40] which revealed the coexistence of
ferromagnetic and A-type antiferromagnetic (layered antiferromagnet) reflections. Using
the transmission electron microscopy, Uehera et al., [41] found the coexisting domains of
charge order insulating and ferromagnetic metallic phases of size 500 nm in
La5/8−yPryCa3/8MnO3 for y= 0.375 at T = 20 K. The coexistence of inhomogeneous clusters
of metallic and insulating phases has also been investigated by Fath et al. using scanning
tunneling spectroscopy study. [42] Small angle neutron scattering and magnetic
susceptibility studies in (La1-xAx)2/3Ca1/3MnO3 have shown that magnetic polarons- charge
carriers accompanied by a localised distortion of the surrounding crystal lattice exist above
the ferromagnetic ordering temperature. [43]
1.3. Ferrimagnetism and Spin reorientation transition
Ferrimagnetism (also known as Néel ferromagnetism) is a type of magnetism in
which the magnetic moments of the atoms on different sublattices tend to align non-
parallel (usually antiparallel) with the two sublattices being inequivalent or the
spontaneous magnetization of one of the sub-lattices being greater than that of the other
resulting in a non-zero spontaneous magnetization. [44] This happens when the sublattices
consist of different materials or ions. The outstanding example of this phenomenon is that
of the ferrites. Ferrimagnetic materials, as like ferromagnets, present a spontaneous
magnetization below the Tc, and show no magnetic order (are paramagnetic) above this
temperature. The temperature dependence of spontaneous magnetization of a ferrimagnet
depends sensitively upon the magnetic interaction between sublattices and the temperature
dependent magnetization of sublattices themselves. In some ferrimagnets, magnetization
will increase with decreasing temperature as like in ferromagnets but in some others, M
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will decrease at a temperature below the long range ordering temperature and in some
compounds M can even become zero at a temperature known as compensation point
(Tcomp) where the two sublattices may have equal moments resulting in a net magnetic
moment of zero and will again increase below this temperature (See Figure 1.9 (b)). Figure
1.9(c) shows M vs T for garnets where we can see the decrease of M to zero at their
respective Tcomp.
Figure 1.9: (a) Ferrimagnetic ordering (b) Possible variations of M in a ferrimagnet
(c) M in some garnets [45]
A number of ferrimagnets exhibit intriguing order-disorder phase transition in
which a change of the easy axis of magnetization from one crystallographic axis at high
temperature to another at low temperature occurs. The direction of magnetization changes
continuously in a temperature interval of several degrees with no observable change in the




Figure 1.10: (a) Temperature dependence of the ratio of magnetic to nuclear peak
intensity of Gd for the (100) and (002) reflections. (b)Temperature dependence of the
cone angle (deviation of easy axis from the c-axis) (Adapted from [47]).
Gd is the finest example for material showing SRT. The easy axis of
magnetisation in Gd is parallel to the hexagonal c-axis between the Curie temperature (293
K) and TSRT = 235 K. The easy axis moves away from the c-axis below TSRT and lies on
the surface of a c-axis cone of semi-apex angle theta. From various measurements using
torque magnetometer and neutron diffraction, theta was found to lie in the 30-40° region at
low temperatures, increasing to 50-75° in the range 150-200 K and decreasing
precipitously to 0 at TSRT. [47] (See Figure 1.10)
Figure 1.11: SRT in PrFe1-xMnxO3, TR is the SRT and TC is the ferrimagnetic
transition temperature. (Adapted from [48])
Other typical examples are the Morin transition in hematite (-Fe2O3), [49] and
the change of the direction of the magnetisation from a to c axis in the rare-earth
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orthoferrites (RFeO3). [50] In hematite, upon cooling the easy axis in the basal plane
humps along the c-axis at the transition temperature Ts in the type of the first-order phase
transition. In contrast, in rare-earth orthoferrites, the easy axis rotates continuously in the
type of the second-order phase transition as the temperature decreases from Ts1 to Ts2. SRT
and spin-flop transition has also been observed in RMnO3 perovskites. For example, below
the Neel temperature TN~ 41 K, the Mn spins of TbMnO3 develop an incommensurate spin
order. [51] Field-cooled magnetization decreases precipitously around the SRT in all these
compounds much below AFM or ferrimagnetic transition temperatures. Magnetic
behaviour of RFe1-xMnxO3 shown in Figure 1.11 clearly illustrates the SRT.
The thermal behaviour of the easy axis of the magnetisation is influenced by the
single-ion anisotropy and the anisotropic dipolar interaction. Yamagushi concludes that
the anisotropic parts of the magnetic interactions between Cr3+ (or Fe3+) and rare-earth
ions, the antisymmetric and the anisotropic-symmetric exchange interactions, are generally
responsible for both the rotational and the abrupt types of the SRTs. These anisotropic
exchange interactions produce an effective field for the Cr3+ up-spins in the direction
perpendicular to these spins and an effective field for the Cr3+ down-spins in the direction
opposite to the above. These effective fields favour rotation of the Cr3+ spins, retaining
their original AFM configuration. Thus, as the temperature is lowered, this effective field
increases due to the increase of the rare-earth magnetization, and when the interaction
energy of the Cr3+ spins with these effective fields exceeds its anisotropy energy, SRT
occurs. At the beginning and ending of the spin-reorientation, a second-order phase-
transition occurs. The first-order nature of the abrupt spin-reorientation is stressed.
Anisotropic exchange interactions between Cr3+ (Fe 3+) and rare-earth ions also play an
important role in inducing the abrupt spin-reorientation.
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1.4. Ac electrical transport and magnetoimpedance
Ac electrical transport has been studied extensively in insulators such as ferroelectrics
and dielectrics to investigate dielectric relaxation and dipole reorientation. [52] Samples
for ac electrical transport are usually in the form of discs and electrical contacts are
applied to the top and bottom surfaces (i.e. in two probe configuration). Frequency
dependence of the ac impedance (Z* = Z'+iZ'' where Z' and Z'' are real and imaginary part
of the complex impedance) at fixed temperatures are generally measured with  impedance
analyzers or LCR meters. The dielectric response of the system is generally modelled
using equivalent circuit consisting of a network of parallel combination of resistance (R)-
capacitance (C). Impedance measurement is primarily used to gain information about
dielectric constant and dielectric loss. From the measured impedance, the real (') and
imaginary ('') components of the dielectric permittivity are calculated using the relations
' =Z''/(C0Z) and'' =Z'/(C0Z) where C0 is the capacitance of the empty cell with the
dimensions of the sample and Z is the modulus of Z*. Intragrain and intergrain (i.e., grain
boundary) contribution to the electrical conductivity and dielectric behaviours can be
separated by analysing the impedance data. Two probe impedance measurement has been
recently used to address intrinsic magneto-dielectric response of multiferroic materials
such as BiMnO3, BiFeO3 etc. [53,54]
While two probe method characterise insulating samples, four probe method has
to be adapted for low resistive samples. Contact resistance could be significant in low
resistive samples. In magnetic insulating or semiconducting samples, relaxation of
magnetic permeability will also influence the measured impedance other than electrical
dipole relaxation.  Nevertheless, ac electrical transport in oxides by four probe method has
been scarcely studied. Ac impedance measurement-again two probe method- has been
extensively used to investigate what is known as the giant magnetoimpedance (GMI)
effect in soft ferromagnets. GMI, discovered in 1992, refers to a large change in the
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complex impedance of a soft ferromagnetic conductor carrying a small alternating current
(ac) under the application of external DC magnetic field. The complex electrical
impedance of a magnetic material is expressed as a function of angular frequency () and
applied magnetic field (H), Z(,H) = R(,H) + iX(,H) where, R is the real part or
resistance and X is the imaginary part or reactance. The magnetoimpedance (MI) ratio is
defined as:
( ) (0) 100%(0)
Z Z H ZMI
Z Z
   
where Z(0) and Z(H) are the |Z| values in zero and external dc magnetic field, respectively.
Thus, we call the ac electrical transport measurement under the external magnetic field as
‘ac magnetotransport’.
The discovery of GMI in metal-based amorphous alloys [55,56,57] has attracted
particular interest in the scientific community to develop high-performance magnetic
sensors based on GMI effect as it offers several advantages over conventional magnetic
sensors such as fluxgate sensors, Hall effect magnetic sensors, giant magnetoresistive
(GMR) sensors, and superconducting quantum interference device (SQUID) gradiometers
[57]. The decisive factors are the ultra-high sensitivity of GMI sensors which is as high as
500%/Oe compared to a GMR sensor (~1%/Oe), [57] low cost and high flexibility.
However, a thorough understanding of the phenomena and the best utilization for
technological applications are very essential in order to design and produce practical GMI
sensors. Hence, many efforts have been put, mainly on special thermal treatments and/or
on the development of new materials for the improvement of GMI properties. [58, 59, 60]
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Figure 1.12: (a)The definition of the impedance of a current carrying conductor (b)
Schematic diagram of the impedance measurement in four probe configuration.




 is given by,
ac
ac
VZ R iX R i L
I
    
where, R is the ac impedance, X is the reactance, L is the self inductance of the sample
which reflects in X, Iac is the amplitude of the sinusoidal current and Vac is the voltage
measured between the ends of the conductor. Figure 1.12(a) shows a schematic illustration
of the definition of the electrical impedance and Figure 1.12(b) shows the schematic
diagram of the impedance measurement in four probe configuration. The above definition
of impedance is valid only for a uniform magnetic conductor [61] and the expression for
the impedance of a magnetic conductor with fixed shape can be obtained as described
below.
Assuming a linear approximation, expression for the impedance of a metallic
ferromagnet with length l and cross-sectional area A can be expressed as,
( ) ( )z z
dc
z zA A
lE S j SZ R
A j j  ,
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where, Rdc is the dc electrical resistance, Ez and jz are the longitudinal components of the
electric field and current density respectively, S denotes the value at the surface, and < >A
is the average value over the area A. From the classical electrodynamics of continuous
media, the current density j(r) can be obtained by solving the Maxwell equation. The ac
components of the magnetic field and magnetization can be obtained by separating the
vectors H and M into their dc and ac components by writing H = H0+h and M = M0+m
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 is the nonmagnetic skin depth. The classical skin effect solution of
above equations is obtained [62] and the impedance equations for a cylindrical magnetic












where J0 and J1 are the Bessel functions of the first kind, Rdc is the dc electrical resistance
and k = (1+i)/ where  is the skin depth in a magnetic medium which is defined as the
depth below the surface of a conductor at which the current density falls to 1/e of its value
at the surface. 2

 ( is the resistivity of the conductor,  the angular frequency
and  the magnetic permeability of the conductor). The impedance of a sample is
determined by its resistance and reactance both of which are influenced by the skin effect.
The application of an external magnetic field decreases the permeability of the sample




Since the discovery of colossal magnetoresistance in perovskite manganites
(example La0.7Sr0.3MnO3) nearly two decades ago, numerous investigations have focused
on electrical resistivity and magnetoresistance measured with direct current (dc). [63] An
interesting question is what happens to the electrical resistivity and magnetoresistance if
the charge carriers (eg holes) are subjected to an alternating (ac) current. Surprisingly, very
little work have been done so far on the dynamical electrical and magnetotransport in
manganites. Electrical response of insulating manganites (RMnO3 where R= Tb, Gd, Dy,
and also Bi) to alternating electrical field in kHz frequency range (f= 1- 10 kHz) in
presence of magnetic field is a topic of current interest due to coupling between magnetic
and electrical dipoles that leads to magnetically tunable capacitance or electrical
polarization in some manganites. [53,64] Few researchers focused their attention on
intrinsic or extrinsic contributions to the magnetocapacitance utilizing impedance
spectroscopy over a wider frequency range (f ~ 100Hz- 1 MHz) in so-called multiferroics.
[65,66] On the other hand, Bhagat et al.[67] investigated microwave (f= 10 GHz) surface
impedance in metallic La0.67Ba0.33MnO3 and found that it varied dramatically in small dc
magnetic fields (= 38% in 0H= 300 G at f= 10 GHz). Schwartz et al. [68] extracted
spontaneous magnetization of the ferromagnetic metallic La0.8Sr0.2MnO3 single crystal
from studies of zero-field surface impedance (f= 0.045-45 GHz) as a function of
temperature and frequency. In the above experiments, the samples were subjected to a
microwave magnetic field and the surface impedance was calculated from the power
absorbed by sample in microwave cavity. However, four-probe ac electrical response of
ferromagnetic metallic manganites in the lower end of radio frequency spectrum (f= 1 kHz
to 20 MHz) has been seldom reported. A few available reports [69,70] suggest that the
magnitude of the magnetoresistance in sub-kilogauss magnetic fields is greatly enhanced
with ac current excitation, but the mechanism of ac magnetoresistance as well as factors
affecting the ac magnetoresistance are not clearly understood yet.
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1.5. Magnetocaloric effect (MCE)
Magnetocaloric effect (MCE) refers to the reversible change in the adiabatic
temperature (Tad) of a magnetic material when it is exposed to a varying magnetic field
(H). MCE is also known as adiabatic demagnetization due to the application of this
process specifically to create a temperature drop. MCE was discovered in iron in 1881 by
E. Warburg. [71] Debye [72] and Giauque [73] independently explained the origin of
MCE and also suggested the first practical use of the MCE to achieve temperature lower
than the liquid helium temperature. Magnetic refrigeration (MR) is an emerging green and
energy efficient technology that can outperform the conventional vapor-compression
refrigeration technique. Hence, there is a resurgence of interest in magnetic refrigeration
following the discovery of a large magnetocaloric effect in Gd5(Ge1-xSix)4 alloys. [74]
MCE is quantified by the adiabatic change in temperature of sample (Tad) or isothermal
change in the magnetic entropy (Sm) when the sample is subjected to a changing
magnetic field (H).
Figure 1.13: Magnetic refrigeration cycle [75]
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Figure 1.14: (a) Schematic diagram showing magnetic entropy change (Sm) and
adiabatic temperature change (Tad) (b) Calculation of Refrigerant capacity (RC).
The MCE is greatly enhanced in first-order magnetic phase transitions that are
coupled to structural transitions. Recently, large MCE near room temperature has been
reported in other compounds showing first-order magnetic phase transition such as
Mn(Fe,P)As, [76] La(Fe,Si)13 [77], MnFe(P,Si,Ge) etc. [78] However, high cost, large
hysteresis found in thermal and field sweep cycles and mechanical instability due to cracks
developed in the first order transition pose certain challenges that have to be overcome
before these materials can find applications. Although Sm in a second order transition is
smaller than that in the first-order transition, RC can be higher in the former case because
of the broadness of the Sm peak in temperature scale. Many materials have been explored
in recent years with a primary aim of optimizing MCE for application in MR at room
temperature. However, MR over a wide temperature (1-300 K) is also required since the
current state-of-the-art adiabatic demagnetization refrigerators (ADR) make use of
paramagnetic salts which show larger magnetocaloric effect below 1 K. Hence, magnetic
materials exhibiting large MCE at low temperatures are also of interest. Since the MCE is
dominant around the Tc, MR over a wide temperature requires stack of materials with
varying Tc. Full realization of MR technology relies on finding materials with attractive
MCE in a magnetic field of 0H= 1-2 T like Nd-Fe-B based permanent magnets.
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Figure 1.15: (a) MCE in Gd (Tc= 292 K) [79] (b) Sm values plotted against Tc for
potential magnetocaloric materials at and below room temperature [80].
The physical origin of the MCE is linked to the coupling of the magnetic
sublattice to the applied magnetic field, H, which changes the magnetic contribution to the
entropy (S) of the solid. The total entropy of a magnetic material at constant pressure (P) is
given by S (T, H) = Sm (T, H) + Sl (T, H) + Se (T, H) where, Sm , Sl and Se are the magnetic,
lattice and electron entropies respectively. Under isothermal condition, the magnetic
domains will be aligned in the field direction upon application of the external magnetic
field and hence magnetic entropy decreases. The total entropy of a system remains
constant in an adiabatic condition i.e., there is no exchange of heat with the environment.
Hence, both Sl and Se will have to increase in order to compensate the decrease in the Sm,
in turn causing the temperature of a magnetic material to increase.
Indirect and direct methods of estimating the MCE
There are two methods of estimation of the Sm and Tad values: 1. Indirect
method which makes use of Maxwell’s thermodynamical equations, 2. Direct method
using experimental estimation of Sm and Tad values from the differential scanning
calorimetry (DSC) and differential thermal analysis (DTA) respectively.
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For the indirect or magnetic method, Sm and Tad are derived from the Maxwell’s
thermodynamical relations as follows.




M T H dH
T
    
From the measured set of isothermal magnetization versus field data, the magnetic
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where, Mi and Mi+1 are the magnetization values measured at temperatures Ti and Ti+1,
respectively for a magnetic field interval of H. Sm(T, H) can also be obtained from the
calorimetric measurements of field dependence of the specific heat capacity, C(T, H),
using the relation,
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where, C(T, H) and C(T, 0) are the values of the specific heat measured in a field H and
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In direct estimation of Sm using DSC method, the absorption or emission of heat
during phase transition in the sample while sweeping the magnetic field at a fixed base
temperature leads to a differential voltage across the Peltier cells, which is measured in the
experiment. The field dependence of the heat (dQ/dH) evolved during the magnetic phase
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transition is then evaluated at different temperatures by using the sensitivity of the Peltier
cells and the field sweep rate (dH/dt). The latent heat (L) and the magnetic entropy change
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where, Hi and Hf are the initial and final fields of the transition and m is the mass of the
sample. [81] Using DTA measurement, the change in temperature (T) of a sample during
the field induced magnetic transition can directly be measured by the temperature sensor
placed on the surface of a magnetic material. [82] This measured T is related to Tad as
T= (Tad/Ceff) (T-T0) H, where  is a thermal coupling parameter between the sample
and the environment, T0 is the temperature of the environment (exchange gas in the sample
chamber), and Ceff is a correction factor to account for the effective heat capacity of the
sample holder.
For magnetic refrigerator applications, a material which shows a giant MCE is
expected. This can be achieved in a material which shows a large (M /H)H (a large
change in magnetization with respect to temperature occurs in a narrow temperature
change) and small C(T, H) at the same temperature. [83] Besides the large values of Sm
and ad, the temperature span over which Sm spreads is important for practical
application and this is measured by the quantity known as the refrigerant capacity (RC).
The RC is calculated using the equation,
1
2
( )T mTRC S T dT 
where T1 and T2 are the temperatures corresponding to the half-maximum of the
Sm(T) peak around Tc as shown in Figure 1.14(b).
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Normal and inverse MCEs
Materials which show paramagnetic-to-ferromagnetic transition exhibit a decrease
of magnetic entropy, i.e., Sm = Sm(H) - Sm(0) is negative, under the magnetic field and the
effect is called ‘normal MCE’. Most ferromagnetic compounds show normal MCE and
cool upon the removal of a magnetic field or upon the adiabatic demagnetization. By
contrast, the materials which undergo paramagnetic-to-antiferromagnetic transition exhibit
the increase of magnetic entropy under the magnetic field i.e., Sm is positive, and the
effect is called ‘inverse MCE’. Thus, antiferromagnets cool upon the application of a
magnetic field or upon the adiabatic magnetization. The materials which show the
coexistence of both normal and inverse MCEs are in high demand as it can be used to
enhance refrigerant capacity (RC) since it can be cooled both by adiabatic magnetization
as well as demagnetization.[84] Generally, inverse MCE is seen in the antiferromagnetic
compounds. However, the metallic alloys which undergo an austenite-to-martensite phase
transition as in Ni50Mn34In16 alloy, also show a giant inverse MCE around the martensitic
transition below the ferromagnetic transition temperature. [85]
Let us now give a brief note on the MCE observed in manganites. A
comprehensive review of the MCE in manganites can be found in a recent review by Phan
and Yu. [80] The manganites are considered to be promising candidates for magnetic
refrigeration due to several reasons:
1. They can be easily prepared by solid state or wet chemical routes at low cost.
2. The magnetic transition can be easily tuned over a wide temperature range (400-10
K) by controlling the hole-doping (x) or the average ionic radii (<rA>) of the A site cations.
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3. Apart from the magnetic transitions, they also exhibit structural transition in the
vicinity of magnetic transition that could influence the MCE because of unusual strong
coupling between lattice and magnetic degrees of freedom. [86,87]
4. These materials exhibit both normal and inverse MCEs due to coexistence of both
ferromagnetic and antiferromagnetic transitions, respectively thus increasing the efficiency
of the magnetic refrigerator. [88,89]
1.6. Radiofrequency transverse susceptibility
A transverse susceptibility (TS) measurement consists in probing the ac magnetic
susceptibility of a material in one direction while an external bias magnetic field is applied
perpendicular to the measurement direction. Analysis of TS in magnetic materials has
demonstrated its potential to study singular magnetic properties of bulk, single crystals,
thin films and nanoparticles systems. The primary importance of TS arises from its
possibility to measure the effective anisotropy field. The concept was first studied
theoretically by Aharoni et al. [90] based on the Stoner-Wohlfarth model. They proposed
that the TS should yield peaks at the anisotropy fields (±HK) as the dc field is swept from
positive to negative saturation. Later, Pareti et al. [91] provided the first experimental
confirmation through low frequency ac susceptibility measurements. In this technique,
both dc magnetic field HDC (variable) and a small perturbing radiofrequency (rf) field Hrf
(~1 MHz) are applied. The field dependence of TS show two maxima at ±HK, which are
called anisotropy peaks and they directly correspond to anisotropy fields, Hk= 2K/Ms,
where K is the anisotropy constant and Ms is the saturation magnetization.
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Figure 1.16: (a) Experimental apparatus used by Pareti et al. for TS measurement (b)
Dependence of measured TS on the dc bias field.
The reversible transverse susceptibility is defined as the variation of the
magnetization due to a small magnetic field h, applied perpendicular to the main bias field


























     
The field dependence of the expression given for TS in a uniaxial single domain
ferromagnet, whose anisotropy is described by a single positive Kl constant, shows an
infinity located at H = Ha if the bias field HDC and the driving field h are applied
respectively perpendicular and parallel to the magnetization easy direction, Ha is the
anisotropy field given by
12 ( )a s
s
KH N N MM    
where Ms is the saturation magnetisation and Nǁǁ, N┴ are the demagnetizing factors of the
single domain particle perpendicular and parallel to the easy axis, respectively. [91] In a
polycrystalline sample, 1 2t t t    .
Self-resonating LC tank circuits have been used to study both the longitudinal [92]
and transverse components [93] of the magnetic susceptibility. An inductance L is
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provided by a pick-up coil located in a controlled temperature and magnetic field
environment. The capacitor, C, is usually fixed at room temperature outside the insert. The
LC tank circuit is set into oscillations by the output of a tunnel diode which provides a
stable oscillating voltage at its output terminals when the input is a positive dc voltage.
Changes in resonance frequency fr are direct consequences of changes in L. If a magnetic
sample is inserted into the inductive coil, the volume magnetic susceptibility




There are only a few reports of transverse susceptibility studies on manganites
using LC oscillator circuit powered by either tunnel diode or integrated circuit. F. J. Owen
[94] observed that the resonance frequency of a tunnel diode powered LC tank circuit in
which an inductor is loaded with La0.7Sr0.3MnO3 sample showed a fractional change as
large as fr/fr= -53% for a small field of 0H= 0.2 T at fr= 350 kHz around Tc. Here, fr=
fr(T,H) - fr(T,0) is the difference between the resonance frequency of the tank circuit at a
given temperature with and without magnetic field (H). Chandra et al. [95] used TS to
study the phase coexistence and probe the magnetic anisotropy in bulk polycrystalline and
nanocrystalline LaMnO3. Woods et al. [96] showed that the rf contactless method is useful
in detecting the magnetic anomaly due to polaron ordering below the long range
ferromagnetic ordering in La0.85Sr0.15MnO3. The large fractional shift in the resonance
frequency was attributed to changes in the magnetic penetration depth
( / /
r r
f f    ). Our lab has developed a unique technique based on Integrated chip
Oscillator (IC SL5578) TS which not only measures the shift in the resonance frequency
but also change in the current through the circuit due to power absorption by the sample.
Our technique has certain similarity to Nuclear Magnetic Resonance (NMR) technique in




Thermoelectric effect is the phenomenon of direct conversion of temperature
differences to electric voltage and vice versa. Thermoelectric (TE) generators can convert
heat generated by many sources such as solar radiation, automotive exhaust and industrial
processes, to electricity. TE coolers are used in refrigerators and other cooling systems. TE
devices have high reliability since it has no moving parts. Early application of TE effect is
in metal thermocouples, used to measure temperature and radiant energy for years. [97]
However, the efficiency of thermoelectric devices is still low compared to other devices
(only 5%). Nevertheless thermoelectric coolers do find small scale applications in niche
areas where moving mechanical parts are not preferred due to lack of space or need to
avoid mechanical vibrations.
The principle of thermoelectric power generation is based on the Seebeck effect
discovered by T.Y. Seebeck in 1821. [98] A conductor generates voltage when subjected
to a temperature gradient, expressed as V Q T  , V is the thermoelectric voltage, T-
temperature gradient and Q -Seebeck coefficient. When a thermoelectric material is
subjected to a temperature gradient, the charge carriers flow from hot end to cold end
resulting in a potential gradient. In an n (p) type material, the charge carriers are electrons
(holes) and negative (positive) charge builds up at the cold side.
Figure 1.17: Thermoelectric effect
Introduction
35










    
where, (E) is the electrical conductivity.[99] According to the third law of
thermodynamics of vanishing entropy, Q vanishes for T 0. At low temperatures, the
phonon drag becomes important. The T over the sample causes a phonon flow from the
hot end to the cold end of the sample as more phonons are excited in the hot. Although the
phonons itself do not contribute to Q, they can “drag” charge carriers by the phonon-
electron interaction, and thus enhance Q. At high temperatures this effect is negligible,
because phonon-phonon interaction dominates.
Using the Stirling's formula, the thermopower can be expressed as function of the
charge carrier concentration by the Heike’s formula,
1lnk cQ
e c
     
with c = n/N, where n is the number of charge carriers (electrons or holes) and N is the
number of available sites.
The efficiency of thermoelectric devices is characterized by the materials figure of
merit which is a function of several transport coefficients
2QZ 

 where  is electrical
conductivity, and  is the thermal conductivity. The conversion efficiency is directly
determined by the product of Z and the average operating temperature T to obtain the so-
called dimensionless figure of merit ZT. Another important parameter is the power factor
which PF= Q2 reflects the electrical transport properties of the material. The Z of a
material is determined by measuring Q under small T of 5 K-10 K, the  under
isothermal conditions, and  under ~1 K temperature gradient.
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The optimization of Z is an important task for developing thermoelectric devices.
The requirements for the thermoelectric material to present a high ZT are (i) a large Q to
efficiently convert the temperature gradient into electricity, (ii) a low  to enhance the
charge carrier transport and reduce the Joule effect, and (iii) a low  to maintain the
temperature gradient. The three thermoelectric parameters are strongly dependent on the
crystal structure, electronic structure and carrier concentration [100] and are interrelated in
a conflicting manner.
In conventional thermoelectric materials (semiconductors), large Q is obtained
when the density of states at the Fermi level is high indicating the impact of carrier
concentration on the thermopower. From Ohm’s law, the electrical conductivity =
newhich implies that  increases with increase in carrier concentration, n. Thus, the
power factor, Q2 can be optimised at carrier concentration 1018 to 1021 per cm3 for classic
thermoelectric materials.
 In a crystal, heat is carried by the motion of charge carriers and lattice vibrations
resulting in the total thermal conductivity of = e+ph. [101] The electronic contribution
e depends on carrier concentration and is linked to the conductivity through the
Wiedemann-Franz law 2 2 2/ ( / 3 )e Bk e T   . Lattice vibrations are present in all
crystalline solids and ph is independent of carrier concentration. ph dominates in
insulators whereas it makes a minor contribution in the case of metals. It is defined as
1
3ph v s ph
c v l  , where cv is the specific heat per unit volume, vs the velocity of sound, and
lph the phonon mean free path, which is defined as the average distance a phonon travels
before colliding with another particle. [102]
The thermoelectric properties of metals, semiconductors and insulators are
compiled in the Table 1.1. [103] The carrier concentration dependence of thermoelectric
parameters is shown in Figure 1.18. The optimal thermoelectric material with a large value
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of Q2 is located in the crossover region between semiconductor and metal with
optimised carrier concentration (n) of about 1x1019 cm-1.
Property Metals Semiconductors Insulators
S (V/K) ~5 ~200 ~1000
 (S/cm) ~106 ~103 ~10-12
Z (K-1) ~3x10-6 ~2x10-3 ~5x10-17
Table 1.1: Thermoelectric properties of metals, semiconductors and insulators at 300
K.
Figure 1.18: Carrier concentration dependence of transport parameters for optimum
thermoelectric performance (adapted from [104]).
Once the optimal n is uniquely determined, all that we can do to increase ZT is to
increase the carrier mobility to obtain higher  at the fixed n and to decrease ph in .
[105] The usual strategies to reduce ph are based on phonon scattering mechanisms [106]
Substitutions for heavier elements, creation of disorder, introduction of rattling atoms (as
in perovskite structure), low dimensional systems, etc.
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Figure 1.19: State-of-the-art thermoelectric materials
Further criteria for best thermoelectric devices are non-toxicity, high chemical,
thermal and mechanical stabilities with respect to the operating conditions (temperatures
and atmospheres), cost-efficiency and easy synthesis. Conventional thermoelectric
materials selected using these principles are intermetallic compounds and alloys with
covalent bonding nature (for higher mobility) and containing heavy elements (for lower
ph) such as Bi, Te, Pb. [104] but with shortcomings like poor durability at high
temperature in air, low abundance, high cost and high toxicity. Oxide thermoelectrics are
highly durable at high temperature in air, non-toxic, low cost and environment friendly.
Metal oxides in general possess low carrier mobilities, small bandwidths and high
lattice thermal conductivity and were disregarded as candidates for thermoelectric
materials until early 1990s. However, Terasaki et al. reported found surprisingly effective
thermoelectric properties in metallic NaxCo2O4 crystals. [107] The past decade has
witnessed a renewed interest to explore the wide family of oxides owing to their high
durability at high temperatures and oxidative atmospheres, non-toxicity, low cost and least
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environmental impact. Despite having good thermoelectric performance as an oxide,
NaxCoO2 has low chemical and thermal stability due to hydration reactions under humid
conditions and decomposition by volatility of sodium at high temperature. Thus, stable
oxide thermoelectric materials are required. Among perovskites, cobaltates, manganates
titanates, and chromates exhibit remarkable thermoelectric properties at high temperatures.
Since the perovskites possess a flexible crystal structure, their physical, chemical and
therefore thermoelectric properties can be tuned by adjusting the cationic compositions
and the oxygen content. Perovskite Transition metal-oxides are potential candidates for
thermoelectric devices operating at high temperatures as they can possess large positive as
well as large negative thermopower depending on their composition. [108,109,110] An
optimum n and  needs to be found considering the factors like substitution level, spin
states of the transition metals, crystallographic structure, valence states of the cations,
ionic deficiencies, etc.  can be lowered with suitable substitutions, complex crystal
structures or by enhanced boundary scattering in nanostructured materials without
changing the electronic transport. Perovskite oxides have an added advantage over layered
oxides that it is isotropic, ie, the properties do not depend on crystallographic direction
and, thus cumbersome technique of epitaxial growth in preparing thermoelectric devices
can be avoided. [111]
Manganites: Potential thermoelectric manganites with low substitutions combine low 
and large absolute Q i.e., |Q|> 100 V/K. However, differences in PF values exist between
the electron- and the hole-doped manganite phases. The electron-doped CaMnO3 phases
exhibit PF values in the order of 1×10-4 W/m.K2 while the hole-doped LaMnO3 phases
have PF values of one order of magnitude lower than the electron-doped phases at room
temperature. [112] Therefore, electron-doped manganites have been extensively studied
regarding their thermoelectric properties at elevated temperatures (T>> 300 K).
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Cobaltates: LaCoO3 exhibits a large positive Q at room temperature around 640 V/K
which is characteristic for insulating materials. [113] While A-site substitutions of the
trivalent La cation by divalent cations (e.g. Sr2+ or Ca2+) generate the formation of holes
(Co3+/Co4+), substitutions by tetravalent cations (e.g. Ce4+) induce electrons as charge
carriers (Co2+/Co3+). [114] In analogy, B-site substitutions by divalent (e.g. Ni2+) or
tetravalent (Ti4+) cations generate p- or n-type conduction, respectively. [115] Thus, the
sign of Q can be adjusted according to the predominance of the charge carriers, i.e.
electrons or holes. Q decreases with increasing the ionic radius of rare-earth element. The
electrical conductivity at the same temperature increased with increasing the ionic radius
of rare earth element (Ho3+<Dy3+<Gd3+<Sm3+<Nd3+<Pr3+). [116] Materials with large
figures-of-merit at low temperatures are suitable even for high temperature thermoelectric
generation since one side of the thermoelectric device is unavoidably exposed to a low
temperature environment.
1.8. Systems under investigation
1.8.1. Sm0.7Sr0.3MnO3
SmMnO3 is a layered A-type antiferromagnet (TN= 67 K) which shows a
temperature-induced magnetization reversal at a compensation temperature (Tcomp~
9.4 K) in a weak magnetic field along the c-axis and resultant negative
magnetization opposite to the field direction (see Figure 1.20(a)). [117]
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Figure 1.20: (a) Temperature (T) dependence of the spontaneous magnetization for
SSMO crystals, (b) Magnetization curves for Sm0.55Sr0.45MnO3 for various directions:
the different 〈111〉 pseudocubic axes (1 and 3) and the 〈110〉 axis (2) at T= 4.2 K. The
curve 1′ is for T= 60 K. Inset: T- dependence of the ac susceptibility. (Adapted from
[117])
Ivanov et al. [117] found that Tcomp shifts below 5 K for x= 0.05 which is not
observed for x= 0.1. Occurrence of negative magnetization is characteristic feature of
ferrimagnetism. It suggests that 4f moments of Sm most likely order antiparallel to the
weak ferromagnetic magnetization of the canted Mn-moments. The negative
magnetization indicates that the magnetization of 4f-sublattice overcompensates the
ferromagnetic contributions from the Mn-sublattice. For ferromagnetic compositions at
0.4≤ x≤ 0.475, a first-order ferromagnetic ordering accompanied by magnetization and
electrical resistivity jumps and another transition accompanied by a reduction of
magnetization and ac susceptibility at low temperature Ts~ 40 K were found.
Magnetization curves exhibit a noticeable anisotropy for T < Ts and a jump-like behavior
for some directions (Figure 1.20(b)) which could be related to the onset of the
antiferromagnetic order and/or a spin reorientation of the spontaneous magnetization. The
compounds 0.4≤ x ≤ 0.475 are insulating in the paramagnetic region and the resistivity
suddenly drops by two orders of magnitude at the Curie point and becomes metallic below
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Tc. For the region (0.5≤ x≤ 0.575), a pure A-type antiferromagnetic state without
spontaneous magnetization is observed below TN. For the region (0.6 ≤ x ≤ 0.675), an
additional low-temperature transition to a new phase with a non-zero weak-ferromagnetic
moment is observed below a temperature TWF, which decreases from ≈40 K at x= 0.6 to
zero at x≈ 0.7. This low-temperature behaviour can be assigned to a canted AFM phase or
a coexistence of the AFM and FM orders, possibly as FM clusters arising below TWF in the
AFM matrix. For x≥ 0.7, only a single transition from PM to AFM state (C-type) remains
and the resistivity reveals an insulating behaviour with value growing with increasing x.
Figure 1.21: Phase diagram of SSMO. The phases are denoted as paramagnetic
insulator (P/I), canted antiferromagnetic insulator (CAF/I), inhomogeneous or canted
ferromagnetic insulator (F′/I), ferromagnetic metal (F/M), local charge ordering
insulator (LCO/I), antiferromagnetic (A-type) insulator (AF1/I), antiferromagnetic
(C-type) insulator (AF2/I), and weak ferromagnetic insulator (WF/I). [117]
The main features of the constructed T–x phase diagram (Figure 1.21) constructed
from the above study are: Occurrence of the FM insulating phase for x= 0.2 to 0.375, FM
metallic phase for x= 0.375 to 0.5, short range charge ordered AFM phase for 0.5 to 0.6
and AFM insulating phase for still higher compositions. While the compensation
temperature T* is confined to compositions below x= 0.05, the low temperature magnetic
anomaly TS is confined to 0.4 to 0.5.
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The work of Ivanov et al. went unnoticed until Kimura's group in Japan [118] took
up single crystalline SmMnO3 and investigated magnetodielectric effects. They also found
negative magnetization below Tcomp= 9.4 K when M(T) was measured in a low magnetic
field (0H = 0.1 T) applied along c axis but abrupt reversal of magnetization with
hysteresis was found for 0H= 4 and 8 T around Tcomp. The dielectric constant under 0.1 T
showed a maximum around Tcomp= 9.4 K. The dielectric constant increased under magnetic
field for this compound. The field dependence of magnetoresistance also showed clear
anomalies that correlated with magnetization. The abrupt reversal of M at higher fields
was attributed to rotation of Sm-4f spin from antiparallel to parallel to the magnetic field.
Abrupt changes in magnetization and magnetocapacitance were also found to accompany
dimensional change along the b-axis under magnetic field. Thus, the spin rotation of Sm-
4f ions involves significant lattice distortion arising from change in the orbital state of eg-
electron.
Figure 1.22: Magnetocapacitive effect (adapted from [118]).
Iyama et al. [119] extended magnetization and magnetocapacitance studies up to
30 T in SmMnO3 and proposed the phase diagram shown in Figure 1.23.
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Figure 1.23: Magnetic phase diagram of SmMnO3. Circles and triangles represent Tt
obtained from the -T and magnetic field versus temperature curves, respectively in
the cooling (open symbol) and warming (closed) runs. The gray area represents the
hysteresis region. Possible configurations of polarized Sm (blue arrows) and canted
Mn (red arrows) moments in the respective T–H regions are shown. [117].
The canted spins due to the A-type AF ordering on Mn3+ produce an exchange
field at the rare-earth site leading to an ordering of magnetic moments on the rare-earth
ions at TN’ < TN and creating different easy axes for the rare-earth magnetic moment.
Figure 1.24: Temperature dependence of the (a) field cooled (solid lines) and zero
field cooled magnetization (dashed lines) and (b) magnetization at T= 2 K with
magnetic field along different axes for the single crystal SmMnO3. [120].
Cheng et al. [120] reported magnetisation and specific-heat measurements with
magnetic fields applied on the three major crystallographic axes of SmMnO3 crystal. The
energy gap g of the doublet ground state that contributes to the Schottky-type anomaly in
Cp is found to be sensitive to both the exchange and the external magnetic fields. A
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crossover from dominance of the Mn3+-ion canted spin ferromagnetism to dominance of
the Sm3+-ion magnetization on cooling through Tcomp causes the Mc to exhibit a maximum
at T~ 35 K (Figure 1.24(a)). The field-cooled Mb(T) exhibits a minimum at Tcomp. On
cooling through TN, the AF coupling of the Mn3+-ion spins along the b axis progressively
reduces Mb(T) until the Sm3+-ion moments dominate the canted-spin ferromagnetic
moment below Tcomp. The M of Figure 1.24(b) for H parallel to the a and b axes are typical
of an AFM. However, with H || c at 2 K, a negative spontaneous magnetization along the c
axis even after cooling in zero field for a bar-shaped crystal with long dimension along c.
The magnetization loop is different from that of a hard magnet by (1) an extremely sharp
magnetization reversal at Hrev= ±1 T; (2) Hrev is significantly larger than the coercive force
found in a ferromagnetic oxide; (3) the Hrev increases as temperature increases and peaks
out at Tcomp. The unusual magnetization loop of (b) is interpreted to be the result of a spin
reversal induced by Hc.
Figure 1.25: Temperature dependence of (a) M/H (b) transition temperature Tt and
Tt’ and (b) specific heat Cp for the SmMnO3 crystal with different magnetic fields
applied along c axis, (c) Magnetic field dependence of the energy gap g obtained
with magnetic fields applied along different crystal axes. The insert illustrates the
moments of canted spin from Mn3+ and Sm3+.
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An unusual butterfly-shaped temperature dependence of the field-normalized
magnetization M/H was also observed (Figure 1.25(a)). An abrupt change of the M/H has
been found on cooling and warming at Tt and Tt’, respectively, distributed symmetrically
around Tcomp. With the field applied on the c axis, it induces sharp changes in Cp at
temperatures corresponding to transitions found in Mc(T) (Figure 1.25(b)). The Schottky
contribution is expressed as 2 2( ) exp( ) / [1 exp( )]g g g
B B Bk T k T k TSchC R
    where g/kB is
the splitting of the ground-state Kramers doublet or quasidoublet in the unit of
temperature, kB is the Boltzmann constant, and R is the ideal gas constant. The doublet
ground state of a free rare-earth ion is split in a crystal by the crystal field, the internal
exchange field at the rare-earth site or an external magnetic field. Like the Mossbauer
effect, the Schottky contribution can be used as a local probe to study the internal
exchange field in a magnetic crystal. They observed an H-dependent CSch and interpreted
that the contribution comes from the lifted degeneracy of Kramers doublet on the Sm3+
ions. The energy gap g at H= 0 was estimated at g/kB~ 8.6 K. Taking into account the
antiparallel configuration between the polarized Sm and the weakly FM Mn moments, 
can be proportional to the internal exchange field Hin at the Sm3+ site, or the interaction
between the Sm-4f and Mn-3d moments. Figure 1.25(c) shows a linear dependence of g
versus Hc. However, the slope for T> Tt is slightly higher than that for T<Tt, which reflects
that the Hin is not a constant as Hc increases. The spin canting and therefore the Hin, is
reduced under Hc for T< Tt , whereas Hin increases slightly as Hc increases for T > Tt . A
remarkable magnetodielectric effect probably related to the sudden change in the canting
angle of the weakly ferromagnetic Mn moments () has also been observed. [119]
In chapter 3, we discuss our investigations on the observed spin-reorientation and
associated features of the selected composition Sm0.7Sr0.3MnO3 and the effect of doping La




Jonker and van Santen [14] discovered a striking correlation between magnetic
order and conductivity in the La1-xDxMnO3 system ~D being a divalent alkaline earth Ca,
Sr, or Ba. These manganite alloys are insulating and antiferromagnetic (AFM) at the end
points x= 0 and x= 1, but in the 0.2< x< 0.5 region they are ferromagnetic (FM) and their
conductivity at low temperature is metallic.
Interest in the mixed-valence manganites like La0.7Ca0.3MnO3 (LCMO) has
revived with the observation of large negative magnetoresistive effects. [121,122] The
magnetoresistance is greatest in the vicinity of the Curie point Tc of ferromagnetic
compositions which exhibit ‘‘metallic’’ temperature independent conduction at low
temperatures and thermally activated conduction above Tc. These compositions have a
structure which is a variant of the cubic perovskite cell where the Mn-O bond lengths are
unequal and Mn-O-Mn bond angles differ from 180°. [123] The Tc values as well as the
magnitude of magnetoresistance ~MR at the peak are determined by the weighted average
radius of the A-site cations. Their electronic properties are related to electron hopping
among the Mn ions in octahedral sites; metallic conductivity and ferromagnetism are
closely related and are generally interpreted in terms of the Zener double exchange
mechanism. A spin-polarized * conduction band of mainly 3d(eg↑) character [124] is
supposed to be responsible for the ‘‘metallic’’ character of the current transport below Tc.
The Mn3+ ion has one eg electron, whereas the Mn4+ ion has none. When the concentration
of the divalent A-site cation (Ca) is 0.3, the occupancy of the * band is 0.7, which
corresponds to the strongest ferromagnetism and the greatest magnetoresistance. [125]
Changing the carrier concentration x produces a variety of phases, which may be
characterized by their magnetic, transport and ‘charge-ordering’ properties. Figure 1.26
shows the phase diagram of LCMO for composition varying from x= 0 to 1. For x= 0, the
sample insulating at all temperatures. The sample is paramagnetic at high temperature but
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below around 160 K it becomes antiferromagnetic. The ground state remains insulating for
x< 0.2, but magnetic order changes to ferromagnetic at low temperatures. Above x= 0.2,
the ground state of the sample changes from insulating to metallic. This region is separated
by the vertical stripes. In the doping range, 0.15< x< 0.50, there occurs a paramagnetic to
ferromagnetic transition at Tc ~ 200-260 K and a significant MR (~35%) is observed at
temperatures well below Tc. At x= 0.50, the ground state changes from FM and conducting
to AFM and insulating leading to a first order AFM transition at x~ 0.50 with large
supercooling and strong hysteresis in 
















Figure 1.26: Phase diagram for LCMO (Based on [126])
The hole-doping level x, the amount of the substitution of AE2+ for RE3+, is the
crucial factor in controlling the electronic phase of RE1-xAExMnO3. Besides this hole-
doping level x, the electronic phase of these doped manganites can also be controlled by
creating the disorder in the system by doping different AE-site cations with varying sizes.
In later part of the thesis, we investigate the effects of doping the La ionic site with smaller




Figure 1.27: (a) Magnetic phase diagram showing TC, TSG, and TA. PS- paramagnetic
semiconductor, SGS- spin/cluster-glass semiconductor, PM- paramagnetic metal,
FMM- ferromagnetic metal, and MIT- metal-insulator transition, (b) Temperature
dependence of the dc magnetization of Pr0.5Sr0.5CoO3 under different magnetic fields.
[127]
Phase transitions in cobaltites exhibit specific features, because the intra-atomic
Hund energy in the CoO6 octahedron is comparable with the crystal field energy. As
distinct from manganites, the ferromagnetic state in cobaltites is always metallic. Figure
1.27(a) shows the magnetic phase diagram of Pr1-xSrxCoO3 showing different phases
varying with composition x. Substitution of Sr for Pr in PrCoO3 leads to ferromagnetic
transitions for x> 0.2 and Tc is found to increase with increasing the Sr content (x). The
system evolves from a spin/cluster glass at low x (due to formation of hole-rich F clusters
in a non-F matrix) to a F metal beyond x~ 0.20. The most notable feature is the dome
(labeled FMM2) formed by TA(x), which bounds a region of anomalous magnetism.
Mahendiran et al. [127] observed a second magnetic transition for the x= 0.5 composition
at a temperature TA~120 K. As shown in Figure 1.27 (b), the anomaly is manifested in
field cooled magnetization as a downward step in low fields (0H< 0.01 T) but is
transformed into an upward step for 0H> 0.05 T. The explanations including
charge/orbital/AF ordering and spin-state transition has been ruled out because in both
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these cases, a clear signature in resistivity is expected, driven by charge ordering in the
former case and the change in orbital occupancy in the latter.
Lorentz microscopy study [128] suggested a change in magnetic domain structure
at TS. From the studies of elastic properties and crystal structure, it was found that while
the unit cell symmetry remains monoclinic, the unit cell parameters change drastically in
the low T transition.[129] The fact that, among Ln0.5Sr0.5CoO3 (Ln-lanthanide), only
Pr0.5Sr0.5CoO3 exhibits a structural transition accompanied by a change in magnetic
structure indicates the active participation of Pr ions in the transition. Thermal expansion
[130] shows an anomaly at TA. The heat capacity is also found to show a small field-
independent anomaly/kink at TA. This is due to the structural transition while the field
independence indicates the absence of any change in spin entropy consistent with a
transition in the MCA rather than the magnetic moment. Leighton et al. showed that a
coupled structural/magnetocrystalline anisotropy transition driven by Pr-O hybridization.
[131] The change occurs in both the magnitude of the anisotropy constant and the
direction of the easy axis of the magnetization. The unusual tendency of Pr-4f orbital to
hybridize with O-2p orbitals leads to Pr playing an active role in the PSCO bonding which
is further evidenced by the T-dependence of Pr-O bond lengths. The transition at TA thus
arises due to competition between the Pr-O covalent bonding and the usual co-operative
distortion of the Co-O octahedra. The nature of the magnetic anisotropy across TA was
further elucidated by transverse susceptibility measurements. In later part of this thesis, we
study the effect of a non-magnetic ion (Bi) on the Pr site in on the magnetic, electrical and
thermal transport properties in Pr0.5Sr0.5CoO3.
1.9. Scope and objectives of the present work
Based on the available literature, it appears that SmMnO3 is an ideal system to
investigate 4f-3d interaction which has been often overlooked so far in manganites. The
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antiferromagnetic SmMnO3 can be converted into ferromagnetic by substituting Sr2+ for
Sm3+, which essentially introduces holes. Understanding the impact of 4f-3d interaction
will be easier in the ferromagnetic compound compared to the antiferromagnetic ground
state. At the beginning, we were interested only in the magnetocaloric properties but soon
we realized that the Sm-based compounds show many exciting properties. In case of La0.7-
xPrxCa0.3MnO3 (LPCMO) there are several studies on electrical and magnetic properties
but not on the magnetocaloric response. The parent La0.7Ca0.3MnO3 exhibit first-order
paramagnetic to ferromagnetic transition in contrast to second-order paramagnetic-
ferromagnetic transition exhibited by Sm0.7Sr0.3MnO3. Also, physical properties of rare
earth cobaltites other than La1-xSrxCoO3 series are less investigated and poorly understood
compared to manganites.
The main objectives of this thesis work are as follows.
1. Sm0.7-xLaxSr0.3MnO3 system: What will happen to the low temperature magnetic
anomaly in Sm0.7Sr0.3MnO3 if the magnetic Sm3+ (4f5) ion is replaced by nonmagnetic
La3+(3f0) ion? Our interest is to investigate not only the behaviour of magnetization in
Sm0.7-xLaxSr0.3MnO3 but also several other properties such as dc electrical resistivity and
magnetoresistance, ac magnetotransport at low fields, rf transverse susceptibility,
magnetocaloric, thermoelectric and magnetothermoelectric properties and to seek the
correlation between different physical properties. There have been no previous studies of
these properties in literature.
2. La0.7-xPrxCa0.3MnO3 system: To investigate magnetic, magnetocaloric and
thermoelectric properties of La0.7-xPrxCa0.3MnO3 compounds with 0≤ x≤ 0.4 which undergo
first-order paramagnetic to ferromagnetic transition. No previous studies exist on
magnetocaloric and magnetothermoelectric response of this series. Since compounds in
this series are expected to show first-order magnetic phase transition, our interest is to
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investigate magnetic entropy change by calorimetric method and compare with the value
obtained from magnetization data.
3. Pr0.5-xBixSr0.5CoO3 system: The parent compound of this series (x= 0) shows
anomalous magnetic phase transition within the ferromagnetic state. How are the
ferromagnetic transition at high temperature and the magnetic anomaly at low
temperatures affected by the substitution of Bi3+ for Pr3+? We aim to investigate electrical,
magnetic and thermoelectric properties of this series.
1.10. Organisation of the thesis
This thesis is organized as follows. In chapter 1, we present a brief introduction to
Mn and Co-based perovskite oxides and various phenomena and few exotic properties
exhibited by them. Chapter 2 mainly focuses on the description of various experimental
techniques used in the current study. Chapter 3 presents a detailed study of magnetocaloric
(normal and inverse MCE), ac magnetotransport, rf transverse susceptibility and
thermoelectric properties of Sm0.7-xLaxSr0.3MnO3 compounds. Chapter 4 contains a detailed
study of magnetocaloric (using magnetic (indirect) and calorimetric (direct) methods) and
thermoelectric properties of La0.7-xPrxCa0.3MnO3 compounds. Chapter 5 focuses on the
investigations of electrical, magnetic and thermoelectric properties of Pr0.5-xBixSr0.5CoO3
compounds. Finally, the chapter 6 provides the summary of main results obtained in this
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Chapter 2
Experimental methods and instruments
This chapter gives a brief overview of the various experimental methods and
techniques used to prepare and characterize the Mn and Co-based oxides. The details of
the various commercially available instruments and home-built instruments used in the
measurements of magnetoimpedance, rf transverse susceptibility, magnetocaloric and
thermoelectric properties these oxides are also described.
2.1. Sample preparation methods
Several methods have been demonstrated so far to synthesize perovskite oxide
materials. The most widely used methods are ceramic or solid state synthesis, sol-gel
method, combustion, co-precipitation, etc. [1] While solid state synthesis is a high
temperature technique, the others belong to the class of soft-chemical routes of synthesis.
In the present study, the Mn and Co-based oxides were prepared using the standard solid
state synthesis method using the high purity (> 99.9%) raw materials procured from
Sigma-Aldrich, U.S.A. The samples were prepared in high purity alumina crucible or boat
using a high temperature furnace (Carbolite, U.S.A) which has controlled heating and
cooling options with temperature stability of 0.01°C.
2.1.1. Solid state synthesis method
Solid state synthesis is the most conventional method used to prepare perovskite
oxide materials. This method involves the repeated grinding and heating of mixed raw
materials to obtain a single phase material due to the ionic diffusion. The prerequisite for
this method is that the particle size of raw materials has to be smaller than the diffusion
length which is expressed as: [2]




where, (2Dt)1/2 is the diffusion length, D is the diffusion constant which is depending on
the reaction temperature and materials, t is the reaction time and L is the typical particle
size. As the ionic diffusion is a slow process in general, higher temperatures and longer
heating duration are required for the solid state synthesis method. In a typical solid state
synthesis process, the precursors in the form of metal oxides or carbonates are weighed in
the stoichiometric proportions and mixed thoroughly in an agate mortar using a pestle. The
well-ground mixtures are initially calcined at 1000°C for 12 hours and further at 1100 and
1200°C for 24 hours with three intermediate grindings in order to ensure the homogeneity
of the mixed powders. The prepared compounds are then characterized for their phase
formation after subsequent calcination using powder X-ray diffraction method and
accordingly, the processing conditions of the mixed powder are modified to obtain single
phase compounds.
2.2. Characterization techniques
2.2.1. X-ray powder diffractometer
The powder X-ray diffraction (XRD) is a widely used technique to identify the
crystalline structure, grain size and internal strains of the crystalline materials. [3] The
single crystals or polycrystalline powders of substances which have regularly repeating
units of ions/atoms are capable of diffracting the X-ray radiation due to the fact that the
inter-atomic distances are comparable to the wavelength of the X-ray radiation. This
technique is based on the principle of Bragg’s law of diffraction:
2 sind n 
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where, d is the spacing between the crystalline lattice planes,  is the glancing angle
between the incident X-ray beam and crystalline plane, n is the order of diffraction and λ is
the wavelength of the incident X-ray beam. The main advantage of the XRD technique is
that it is a non-destructive method. In the present study, Philips X’PERT MPD powder X-
ray diffractometer with Cu-K radiation (λ= 1.542 Å) was used for the structural
characterization of the polycrystalline compounds. The Rietveld refinement method was
used to fit the measured powder XRD pattern of the compounds with the help of TOPAS
software version 2.1 in order to calculate the unit cell parameters. In a typical XRD
experiment, the sample was scanned from 2= 10° to 90° with a scan rate of 4º/minute
and 0.25º/minute for normal (to confirm the phase formation of compounds) and slow-
scan (to fit the observed XRD pattern using Rietveld refinement in order to calculate the
unit cell parameters) measurements, respectively.
2.2.2. Magnetic and magnetotransport measurements
A Physical Property Measurement System (PPMS) equipped with
superconducting electromagnet supplied by Quantum Design Inc. (U.S.A) was used to
carry out the low temperature dc resistivity measurements in the temperature range of T=
10-400 K under external magnetic field up to 0H= 7 T. An inbuilt dc resistivity
measurement option with the PPMS was used to measure the dc resistivity of the sample.
A specially made Vibrating Sample Magnetometer (VSM) for PPMS by Quantum Design,
which is a fast and sensitive DC magnetometer, was used to measure the magnetic
properties of the sample as a function of temperature and magnetic field. In a typical
magnetic measurement, sample is placed inside a uniform magnetic field to magnetize the
sample and then the sample is physically vibrated sinusoidally near the detection or pickup
coil. The induced voltage in the pickup, which is proportional to the sample’s magnetic
moment, is then measured using the inbuilt lock-in amplifier. By using a compact
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gradiometer pickup coil configuration, relatively large oscillation amplitude of 1-3 mm
peak-to-peak and a frequency of 40 Hz, the VSM is able to resolve magnetization changes
of magnitude less than 10-6 emu at a data rate of 1 Hz.
Figure 2.1: Physical Property Measurement System (PPMS) equipped with Vibrating
Sample Magnetometer (VSM) module.
The photograph of PPMS equipped with VSM module used for the present study
is shown in Figure 2.1. It consists of VSM linear motor transport (head) for vibrating the
sample, pickup coil for detection, electronics for driving the linear motor transport and
detecting the response from pickup coil, and it uses MultiVu software for automation and
control.
2.2.3. Magnetocaloric measurements: magnetic and calorimetric methods
Magnetocaloric effect is quantified by the change in magnetic entropy (Sm) and
also the adiabatic change in temperature of a magnetocaloric material. Generally, one
estimates the magnetic entropy change from the isothermal magnetization versus field data
and is called “indirect method”. However, very few researchers estimate the magnetic
entropy change using “direct method” like differential scanning calorimeter which
VSM module
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measures the heat flow during the field-induced magnetic transition. We have investigated
the magnetocaloric effect in selected compounds by estimating Sm using both magnetic
(indirect) and calorimetric (direct) methods.
In the magnetic method, we have measured the field dependence of magnetization
up to a maximum field of 0H= 5 or 7 T in isothermal condition at close temperature
intervals around the magnetic transition using the VSM. According to the standard
Maxwell’s thermodynamical relation for a reversible process, Sm is given by,
0
( , )( , ) ( , ) ( ,0)
H
m m m
dM T HS T H S T H S T dH
dT
     2.1
From the set of isothermal magnetization versus field data taken, the magnetic entropy
change is estimated using the numerical approximation,
1 1
1
( , ) ( , )i i i i
m
i i i




   2.2
where, Mi and Mi+1 are the magnetization values measured at temperatures Ti and Ti+1,
respectively. Next, we describe the direct estimation of Sm using differential scanning
calorimetry.
Figure 2.2: Differential scanning calorimetry probe designed for PPMS for the direct
estimation of magnetic entropy change (Sm).
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Figure 2.2 shows the homebuilt differential scanning calorimetry (DSC) set up for
the direct estimation of Sm which makes use of two Peltier cells connected in differential
mode to measure the heat transfer during the magnetic transition. Our set up is similar to
the design used by J. Marcos et al. [4] The absorption or emission of heat (Q) during phase
transition in the sample while sweeping the magnetic field at a fixed base temperature
leads to a differential voltage across the cells, which is being measured in the experiment.
Knowing the sensitivity of the Peltier cell and the field sweep rate (dH/dt), the field
dependence of the heat (dQ/dH) is evaluated at different temperatures. The latent heat (L)
and the magnetic entropy change (Sm) are obtained from the integration of these curves,







dQ LL dH S
dH mT
   2.3
where, Hi and Hf are the initial and final fields of the transition and m is the mass of the
sample. [5] In our calorimetric measurements, we have swept the magnetic field at the rate
of dH/dt= 40 Oe/s.
2.2.4. Magnetoimpedance measurements
Electrical impedance (Z) describes a measure of opposition to applied alternating
current (ac) and is defined by,
( )
( )
V tZ R iX
I t
   2.4
where, V(t) and I(t) are the time dependent voltage and current, respectively, R is the ac
resistance and X is the reactance. We have investigated the magnetoimpedance behavior of
polycrystalline rectangular bar-shaped samples using Agilent LCR meters (4285A and
Experimental methods and instruments
67
4294A) and PPMS by measuring the ac resistance and reactance simultaneously in the
frequency range (f = 1 kHz to 20 MHz) with ac excitation current of 5 mA..
We have used the Agilent LCR meters with standard Agilent 16048D test fixture
for the impedance measurements in our samples. Open and short corrections were
performed prior to experiment to eliminate the measurement errors that arise due to stray
parasitic impedance in the test fixture and the load correction was performed by using a
calibrated device as a reference load.
Figure 2.3: (a) Schematic diagram of the impedance measurement in four probe
configuration and (b) the multifunctional probe wired with high frequency coaxial
cables for impedance measurement using PPMS.
For impedance measurement, the sample is cut into parallopiped and the electrical
contacts were made with Ag-In alloy. The distance between voltage probes was kept
around 2-3 mm. The sample is mounted in a specially designed sample holder wired with
high frequency coaxial cables to measure the impedance in PPMS at low temperature (T=
400-10 K) and under high magnetic field (0H= 0-7 T). Both the resistive (R) and reactive
(X) components of the impedance were measured in four probe configuration using the
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Agilent 4285A and 4294A LCR meters as shown in Figure 2.3(a). Figure 2.3(b) shows the
photograph of the multifunctional probe wired with high frequency coaxial cables used to
conduct the magnetoimpedance measurement in PPMS.
Figure 2.4: A photograph of the magnetoimpedance measurement set up with LCR
meter and PPMS.
In a typical magnetoimpedance experiment, the temperature dependence under
different dc bias magnetic fields and magnetic field dependence at selected temperatures
of both R and X were measured simultaneously using Agilent LCR meters. Figure 2.4
shows a complete view of the magnetoimpedance measurement setup using Agilent LCR
meter and PPMS.
2.2.5. Integrated Chip (IC) oscillator setup for RF transverse susceptibility
measurement
The schematic diagram of integrated chip oscillator (IC) setup for the rf transverse
susceptibility measurement is shown in Figure 2.5(a) which is similar to the LC oscillator
designed by others. [6] The IC 74LS04 is a TTL bipolar Hex inverter which can be used in
high frequency oscillator circuit since the typical propagation delay of each NOT gate is
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~15 ns. A dc bias (+5 V) is applied to the pin 14 of the IC 74LS04. The pin numbers ‘1’
and ‘2’ are the input and the output of one of the six NOT gates of the IC, respectively.
Suppose the voltage at point ‘a’ is low, then the output at pin ‘2’ is high that builds up the
current in the inductor which makes the capacitor to charge; as soon as the voltage at point
‘a’ is high due the charging of the capacitor, output at pin ‘2’ becomes low and the
capacitor starts discharging. This charging and discharging of capacitor (C) driven by the
NOT gate of the IC through inductor (L) sets the LC tank circuit into resonance at
frequency, fr ≈ 1.3 MHz at room temperature. Figure 2.5 (b) shows the actual wiring inside
the ICO circuit.
Figure 2.5: (a) A schematic diagram of the IC based LC oscillator circuit used for rf
studies, where SMU – source measure unit, Counter – frequency counter, L –
inductor loaded with sample and C – standard capacitor, (b) actual wiring inside the
IC oscillator set up.
The values of inductance and capacitance at room temperature are 6 H and 2000
pF. The resonance frequency is slightly modified from the theoretical value by cable
capacitance and resistance in the circuit. A slight variation in the value of fr in different
experiments is due to the variation in the capacitance values of the different coaxial cables
used in the respective ICO experiments. A Yokogawa GS 610 source-measure unit (SMU)
was used to supply a stable dc bias to the IC as well as to measure the dc current (I)
through the circuit. The amplitude of the ac voltage across the inductor was measured and
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found to be 2 V (rms). The ac current in the LC circuit was determined by measuring ac
voltage across a 10  resistance connected in series with the coil and found to be 7.2 mA
(rms) at room temperature which is lower but close to the dc current dawn from the power
supply. The ac magnetic field is estimated to be Hac= 0.52 Oe from the rf current
measured. The inductance coil loaded with the sample was inserted into a commercial
cryostat (PPMS, Quantum Design Inc) using coaxial cables whereas the IC and the
capacitor were a part of the room temperature circuit. The shift in resonance frequency (fr)
of the tank circuit was tracked using an Agilent 53131 universal frequency counter. When
the sample absorbs power from the rf field due to changes in its physical property, the
impedance of the coil changes which in turn changes the total current drawn from the dc
voltage source. In a typical rf transverse susceptibility experiment, the temperature and
magnetic field dependences of the resonance frequency and current through the ICO
circuit are measured simultaneously using the PPMS.
2.2.6. Thermoelectric power measurement
Figure 2.6: (a) Top view and (b) Schematic diagram of the thermopower
measurement setup.
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The thermoelectric power of the sample is measured from 400 K down to 10 K
using a home-made setup which uses PPMS as a platform to vary the temperature and
magnetic field. Figure 2.6 (b) shows the schematic diagram of our thermopower made on
the PPMS sample puck. A very thin (< 0.1mm) mica sheet is glued with GE varnish on the
puck to make the surface electrically insulating over which two small rectangle copper
slabs were glued at a separation of 4 mm to each other. Separation between the bridges can
be adjusted up to 2.0 mm according to sample requirement. The sample (typical
dimensions 6.0 x 2.0 x0.5 mm3) was attached using silver paint between two copper slabs
in a bridge structure. To create temperature gradient (~1K) along the sample, two chip
resistors (30 ) were attached at the other ends of the copper slabs. To avoid any electrical
connection between copper bars and chip resistors and hence with the sample, a very thin
(< 0.1mm) Kapton tape is used. To measure the temperature difference between two ends
of the sample; Chromel-Constantan (Type E) thermocouples were attached on the sample
end in differential configuration. At least one tip of the differential thermocouple is
insulated from the bridge by putting a thin layer of cigarette paper over it, to avoid the
mixing of thermocouple voltage and the sample thermal voltage.  For alternate heating of
the bridges (directional change of temperature gradient along the sample), one end of two
resistors is connected to two p-n junction diodes in opposite polarity, the common ends of
whom are connected to a DC current source (Keithley 6221 source meter). Thin copper
wires of 42 SWG were used to measure the thermal voltage of sample using Keithley
2182A nanovoltmeter.
The measurement procedure is based on relaxation method. At a stabilized base
temperature (within the uncertainty limit of 0.02 K), a small temperature gradient is
generated across the sample ends with the help of chip resistors. Since the heaters are
connected through diodes in opposite polarity, only one of the resistors responds to this
current and raises the temperature of one end of the sample. Once the steady state is
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reached, the temperature gradient (T) and thermoelectric voltage (V) are measured. At
each base temperature, the direction of the temperature gradient is reversed (by switching
the direction of the current) and the recorded voltages are averaged in order to eliminate
spurious and offset voltages. The thermopower (Q) values were calculated from the ratio
of V to T. The apparatus was tested for accuracy by measuring thermopower on a thin
piece of pure lead with respect to copper. [7] The magnetothermopower is measured by
applying a magnetic field perpendicular to the length of sample.
References
[1] C.N.R. Rao, Chemical Approaches to the Synthesis of Inorganic Materials (Wiley
Eastern Ltd., New Delhi, 1994).
[2] R. Valenzuela, Magnetic ceramics (Cambridge University Press, New York, 1994).
[3] B.D. Cullity, Elements of X-ray Diffraction (Addison-Wesley, Massachusetts, 1972);
H.P. Klug, and L.E. Alexander, X-ray Diffraction Procedures (John Wiley & Sons, New
York, 1954).
[4] J. Marcos, F. Casanova, X. Batlle, A. Labarta, A. Planes and L. Manosa, Rev. Sci.
Instrum. 74, 4768 (2003).
[5] F. Casanova, A. Labarta, X. Batlle, F.J. Perez-Reche, E. Vives, L. Manosa and A.
Planes, Appl. Phys. Lett. 86, 262504 (2005).
[6] S. Patnaik, Kanwaljeet Singh, and R.C. Budhani, Rev. Sci. Instr. 70, 1494 (1999); S.
Sarangi and S. V. Bhat, Rev. Sci. Instr. 76, 023905 (2005).
[7] F.J. Blatt, A. Schroeder, C.L. Foiles, and D. Greig, Thermoelectric Power of Metals
(New York: Plenum, 1976).
MR, MCE and MTEP in Sm0.7-xLaxSr0.3MnO3
73
Chapter 3
Magnetoresistance, magnetocaloric effect and
magnetothermopower in Sm0.7-xLaxSr0.3MnO3
Abstract
The electrical, magnetic, magnetocaloric and thermal properties of Sm0.7-
xLaxSr0.3MnO3 are discussed. We show that an anomalous peak occurs in the
magnetization at a temperature T*= 30 K << Tc for x= 0 compound. While Tc of SLSMO
series increases with increasing x (Tc = 83 K for x= 0 and Tc= 375 K for x= 0.7), T*
increases from 30 K (x= 0) to 137 K (x= 0.6) and then decreases to 103 K (x= 0.65). We
present the magnetocaloric properties of SLSMO (x= 0-0.7) compounds and show that a
rapid increase around Tc and an anomalous peak at a temperature T*<< Tc occur in
magnetization which lead to normal and inverse magnetocaloric effects, respectively. The
magnetocaloric parameters have been analysed and compared with those from literature. A
detailed ac magnetotransport study reveals the unusual temperature dependence of ac
magnetoresistance and magnetoreactance with varying frequency and magnetic fields. We
present our results on the radiofrequency (rf) transverse susceptibility of two compounds:
x= 0.6 which showed low-T anomaly and x= 0.7 which did not show any anomaly at low
temperature, by using ICO oscillator technique. Finally, we present the results on
thermopower and thermal conductivity. We do a systematic analysis of the effect of La
doping, temperature and magnetic field on the sign of thermopower and present a possible
correlation between magnetoresistance and magnetothermopower. We discuss the possible
origins of all the above observed effects.
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3.1. Introduction
Perovskite manganites of general formula RE1-xAExMnO3 (RE - trivalent rare earth
ions, AE - divalent alkaline earth ions) had attracted a lot of attention in last few years due
to colossal magnetoresistance exhibited by them [1,2] and strong correlation among spin,
charge, orbital, and lattice degrees of freedom. The low temperature ground state of these
manganites is determined by the competition between delocalization tendency of eg
electrons and localization tendency caused by coulomb interactions between eg electrons
and dynamic or static Jahn-Teller interactions. While delocalization of eg electrons
promotes ferromagnetism mediated by the Zener’s double exchange interactions,
localization of eg electrons generally promotes antiferromagnetic interaction and charge
ordering. Recent experimental [3] and theoretical studies [4,5,6] argue that the stability of
the ferromagnetic (FM) as well as charge/orbital order (CO/OO) is affected by the
presence of quenched disorder, such as cation size mismatch at the A-site (A=RE1-xAEx). A-
site substitution controls structure by rotation and tilting of the MnO6 octahedra which
affects Mn-O-Mn bond angle and/or Mn-O bond length [7]. As the Mn-O-Mn bond angle
decreases from 1800 by decreasing the average A-site cation radius, the eg electron
bandwidth decreases which promotes strong electron correlations and charge ordering.
There exists a direct relation between the eg electron bandwidth and Mn-O-Mn bond angle





 , where W is the electron
bandwidth, w is the tilt angle in the plane of Mn–O–Mn bond, [ ]w Mn O Mn   
and dMn-O is the bond length. This expression indicates that the electron bandwidth
decreases with decreasing bond angle from 1800 or increasing bond length. In addition to
the average ionic radius of the A-site cation, the A-site disorder, characterized by the
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variance of the A-site cation radius distribution using equation (  22 2i i Ai x r r   ),
where xi and ri are the atomic fraction and ionic radius of ith ion at A-site, respectively),


















Figure 3.1: Phase diagram showing <rA> dependence of Tc for the R0.7Sr0.3MnO3
manganites.
Figure 3.1 shows the variation of Tc on changing the <rA> by using different rare
earths at the A-site [10,11]. The Tc decreases with decreasing <rA>. While, the compounds
with R= La, Pr, Nd exhibit a transition from paramagnetic insulator (PMI) to
ferromagnetic metal (FMM) at their respective Tc’s, those with R= Sm, Eu and Gd show a
transition to ferromagnetic insulating (FMI) state. The parent compound (Sm0.7Sr0.3MnO3)
and end compound (La0.7Sr0.3MnO3) of our investigated series exhibit insulating and
metallic ground states respectively. In this work, we change the bandwidth of
Sm0.7Sr0.3MnO3 by La doping at Sm site, while keeping electron concentration constant in
the system.
We were partially motivated by our observation of the low temperature anomaly
in Sm0.7Sr0.3MnO3 due to polarization of 4f moment of Sm3+ (4f5) antiparallel to the
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ferromagnetic component of canted antiferromagnetic Mn3+ sublattice. It is generally
assumed that the rare earth ions in manganites remain paramagnetic down to the lowest
temperature or even if 4f-3d interaction exists, it is very weak and has no influence on
electrical properties. In this background, it is interesting to investigate substitution of the
magnetic Sm3+ (4f5) for the non magnetic La3+ (4f0) in Sm0.7-xLaxSr0.3MnO3 (SLSMO).
Our interest here is to investigate how the change in bandwidth affects the
magnetocaloric, magnetoimpedance, rf transverse susceptibility and thermoelectric
properties. We investigated the effect of La doping on the direct (dc) and alternating (ac)
current transport, magnetocaloric and thermoelectric properties in SLSMO for
compositions of x= 0-0.7. Possible mechanisms have been suggested for the observed
effects.
Following are the interesting questions which motivated our investigations in
SLSMO series:
1. How does La doping affect the Curie temperature (Tc) in the series? Since the
ionic radius of La3+ ion (= 1.216 Å) is larger than that of Sm3+ ion (= 1.132 Å), the
ferromagnetic Curie temperature Tc is expected to increase with increasing La content, x in
this series.
2. The Sr-doped compound Sm0.7Sr0.3MnO3 shows a cusp in the field-cooled
magnetization around 30 K below its ferromagnetic Curie temperature. While we can
anticipate the increase of Tc with increasing La content in Sm0.7-xLaxSr0.3MnO3, there are
no available studies on the resistivity, magnetization in this series. What will be the impact
of La doping on ferrimagnetic coupling between Sm-4f and Mn-3d moment in these
compounds?
3. Perovskite manganites of the general formula R1-xAxMnO3 (R= La3+, Nd3+, etc. and
A= Ca2+, Sr2+ etc.) are considered to be one of the potential materials for magnetic
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refrigeration. [12,13,14,15,16] The end members x= 0 and 0.7 of SLSMO are ferromagnets
with Tc= 83 K and 372 K, respectively. [17] Therefore, the material can be considered a
good candidate for magnetic refrigeration over a wide temperature range as it could
provide the possibility of tuning the Tc and other magnetocaloric parameters. How do the
magnetocaloric parameters in this series change with doping content? What will be the
impact of the low temperature anomaly on the magnetocaloric effect in this series?
4. Though numerous investigations have focused on electrical resistivity and
magnetoresistance measured with direct current (dc), [18] very little work has been done
so far on the dynamical electrical and magnetotransport in manganites. There are few
reports [19,20] suggesting that the magnitude of the  magnetoresistance in sub-kilogauss
magnetic fields is greatly enhanced with ac current excitation, but the mechanism of ac
magnetoresistance as well as factors affecting the ac magnetoresistance are not clearly
understood yet. La doping at Sm site on the dc magnetotransport is expected to decrease
the resistivity and enhance the double exchange interaction in the system. How does the
nature of radiofrequency (rf) electrical transport both as a function of temperature and
magnetic field in SLSMO vary with doping content?
5. Transverse susceptibility is a contactless tool to study the magnetisation dynamics.
It is interesting to study the TS in this compound around the para-ferromagnetic transition
as well as at the low temperature anomaly. Will the TS measurements be able to detect
both the Curie transition and the low temperature transition in these samples?
6. Though La doping causes a change in bandwidth of the compound, it does not
change the total electron/hole concentration in the series. It is known that thermoelectric
power depends on the carrier concentration and type in a particular material. How does
doping affect the thermal transport in this series of compounds with unchanged hole
concentration? What idea does it provide about the carrier dynamics in the system?
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3.2. Experimental details
A series of polycrystalline Sm0.7-xLaxSr0.3MnO3 (SLSMO) compounds with
compositions x= 0, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65 and 0.7 were prepared by
the standard solid state synthesis technique. After preheating La2O3 at 900°C for 8 hours,
stoichiometric mixture of La2O3, Sm2O3, SrCO3 and Mn2O3 precursors were mixed
together and were homogenized in an agate mortar. The mixture was sintered at 1000°C
and 1100°C for 12 hours each with intermediate grindings. The calcined powder was
reground and final sintering was done at 1200°C for 18 hours. Single phase identification
was performed by the powder XRD experiment (Philips X’pert Pro) using Cu-Kα
radiation. The compounds were pressed into dense pellets under a pressure of 5000 psi and
heat treated at 1200°C for 24 hours to get dense pellets of SLSMO compounds. The
observed room temperature XRD patterns of all the compounds were indexed using
TOPAS software version 2.1. The samples were characterized by the temperature
dependence of standard ac magnetic susceptibility, dc resistivity and magnetization
performed using a vibrating sample magnetometer (VSM) with a superconducting magnet
and a commercial cryostat (PPMS, Quantum Design Inc.). Magnetization versus field
measurements were done at selected temperatures to estimate the Sm values using the
method described in section 2.2.3. To carry out ac impedance measurements, the samples
were cut into rectangular shape and current pads were attached to the two end surfaces
using Ag-In alloy and the voltage was measured across two linear electrodes placed on the
top surface of the samples. Agilent 4294A LCR meter interfaced with PPMS was used to
measure the ac impedance in the frequency range from f= 100 Hz to 5 MHz in series
inductor-resistor mode with an ac excitation current of 5 mA (rms). The real and
imaginary components of the ac impedance were calculated from the measurements of R
and X as described in section 2.2.4. The temperature and field dependences of transverse rf
susceptibility are studied using the home-built LC resonant circuit powered by an
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integrated chip oscillator (ICO) interfaced with PPMS as described in section 2.2.5. The
thermoelectric power is measured on a thin rectangular piece of sample as a function of
temperature and magnetic field using the home-built setup interfaced to the PPMS as
described in section 2.2.6. The thermal conductivity is also measured as a function of
temperature in zero field using the custom-made setup interfaced with Janis cryostat.
3.3. Results and discussions
3.3.1. Structural characterization










































































Figure 3.2: X-ray diffraction patterns of SLSMO (x= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and
0.7) compounds at room temperature.
Figure 3.2 shows the XRD patterns of SLSMO (x= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and
0.7) compounds at room temperature. All the samples are single phase. The structure
refinement by Rietveld method suggests that the compositions x≤ 0.4 belong to
orthorhombic structure (space group, Pnma) and it changes to rhombohedral (space
group, 3R c ) for x> 0.5. The prominent peaks in the XRD pattern are indexed by its
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crystallographic planes and represented by miller indices (hkl) in accordance with CIF
files, 85646-ICSD [21] and 158503-ICSD. [22] With the increasing amount of La, a
gradual orthorhombic (Pnma)-to-rhombohedral (R 3 c) transition occurs between x values
of 0.4 and 0.5. This is evident from the gradual suppression and disappearance of the
peaks such as the (111) and (021) reflections near 2= 25.5°, 34.7° respectively.























Figure 3.3: Rietveld refinement fit and diffraction peaks for (a) x= 0.1 and (b) x= 0.6.
Figure 3.3 shows the Rietveld refinement for two selected compounds: x= 0.1
(Pnma) and 0.6 ( 3R c ), respectively. The corresponding Bragg reflection positions are
indicated below each pattern. The incorporation of La causes a smooth increase in the unit
cell volume with increasing x because of the fact that the ionic radius of La3+ (rLa3+ = 1.216
Å) ion is slightly higher than that of Sm3+ ion (rSm3+ = 1.132 Å) for 9-coordination. The
variation of unit cell parameters, unit cell volume and average Mn-O bond length as a
function of composition is shown in Table 3.1. The unit cell parameters, volume and the
bond length increase smoothly with increasing La concentration until x= 0.4, and an abrupt
change occurs at x= 0.5 due to change in crystal structure.
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Parameter
Orthorhombic - Pnma Rhombohedral - R 3 c
x= 0 x= 0.1 x= 0.2 x= 0.3 x= 0.4 x= 0.5 x= 0.6 x= 0.7
a (Å) 5.436 5.460 5.470 5.479 5.484
5.489 5.497 5.499
b (Å) 7.68 7.709 7.724 7.745 7.75
c (Å) 5.469 5.47 5.4705 5.465 5.49 13.351 13.355 13.358
V (Å3) 228.36 230.26 231.13 231.94 232.48 349.06 349.48 349.82
B. L. (Å) 1.9301 1.9507 1.9519 1.9534 1.9547 1.9566 1.9576 1.9582
Table 3.1: Lattice parameters (a, b, c), cell volume and bond length calculated from
XRD-Rietveld analysis.
From the Scanning Electron Microscopy (SEM) study, the average grain size of the
sample was found to be ~1m. For bulk samples of this size range, the grain size
dependence on transport properties is negligible. More number of grain boundaries can
affect the absolute value of the resistivity, but this is not important for the effects to be
discussed in the thesis. In particular, thermopower is insensitive to grain boundaries.
3.3.2. DC magnetization, DC resistivity and phase diagram


















Figure 3.4: Temperature dependence of magnetization (M) for 0 ≤ x ≤ 0.7 under
0H= 0.1 T in FC mode.
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Figure 3.4 shows the M(T) measured while cooling under 0H= 0.1 T for x= 0,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 compositions of SLSMO. Upon cooling, M(T) of x= 0
shows a paramagnetic (PM) to ferromagnetic (FM) transition around Tc= 83 K as
suggested by the rapid increase of the magnetization. Interestingly, the field-cooled M(T)
goes through a cusp around T*= 30 K within the long-range FM ordered state and starts
decreasing below T*. The Tc increases from 83 K for x= 0 to 375 K for x= 0.7. The Curie
temperature (Tc) is calculated from the inflection point of the dM/dT curve.





































Figure 3.5: M(H) at 10 K for x= 0, 0.1, 0.4, 0.6. The inset (i) shows Tc and T* as a
function of composition x. The inset (ii) shows dependence of magnetization value at
5 T at 10 K on composition.
In the inset (i) of Figure 3.5, we have plotted Tc and T* versus x. While Tc
continuously increases with x, T* shows a small increase until x= 0.4, after which it
increases rapidly and reaches a maximum value of 137 K for x= 0.6 and then decreases.
The main panel of Figure 3.5 shows the MH loop for the samples of composition x= 0, 0.1,
0.4 and 0.6, indicating that the ground state of the sample is soft ferromagnetic in nature.
The magnetization at 5 T (plotted in inset (ii) of Figure 3.5) increases from 3.1 B/f.u. for
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x= 0 to nearly 3.5 B/f.u. for x= 0.1, varies gradually thereafter and increases to 3.6 B/f.u.
for x= 0.7. The saturation magnetization of Sm3+ moment is expected to be small (= 0.71
B) and it will reduce (increase) the saturation magnetization of Mn sublattice in x= 0
compound by 0.5 B/f.u. when Sm3+:4f moment aligns antiparallel (parallel) to the Mn-
moment.






















Figure 3.6: Temperature dependence of inverse susceptibility (-1) for 0 ≤ x ≤ 0.7
under 0H= 0.1 T. Straight lines show fits to Curie-Weiss law.
The temperature dependence of the inverse susceptibility () for all
compositions is shown in Figure 3.6 along with the Curie–Weiss (C-W) (= (T-p)/C)
fits (solid lines). It is found that the inverse susceptibility curves strongly deviate from the
C-W fits for all the low La-doped (x= 0, 0.1, 0.2) samples. Hence, the C-W fits were done
in the linear region. We summarize the ferromagnetic Curie temperature (Tc) estimated
from the inflection point of the M vs T curve, paramagnetic Curie temperature (θp),
effective magnetic moment (Peff) calculated from experiment and theory and Curie
constant (C), in Table 3.2. The effective magnetic moment calculated from both
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experiment and theory is found to decrease with increasing La content for 0.3≤ x≤ 0.7.
However, Peff (expt) shows higher value than Peff (theory) for all compositions. This
difference could be due to variation of the Mn3+/Mn4+ content from the nominal values (for
example, Mn3+/Mn4+= 70:30 in the parent compound). Hence, extension of the
susceptibility measurement up to 900 K in our sample could provide better information on
Peff. The large difference between theoretical and experimental Peff could arise due to the
presence of short range ferromagnetic clusters above Tc. A strong deviation of 1/ from
linearity observed below 200 K in the low La-doped compounds is also noteworthy. The
deviation of inverse susceptibility from Curie-Weiss law and large difference between the
experimental and theoretical values of Peff were suggested to be an indication of the
existence of short range magnetic order in the paramagnetic state of the sample. [23]
x Tc (K) p (K) Peff (µB) (theory) Peff (µB) (calc.) C (B.K/Oe.f.u.)
0 83 131 4.292 5.855 7.85
0.1 95 157 4.207 5.942 8.08
0.2 123 170 4.122 6.198 8.79
0.3 195 215 4.038 5.92 8.04
0.4 256 260 3.954 5.72 7.49
0.5 297 300 3.869 5.74 7.54
0.6 338 332 3.784 5.665 7.35
0.7 372 352 3.7 6.377 9.31
Table 3.2: Curie temperature Tc, Paramagnetic Curie temperature p, effective
magnetic moment Peff (theoretical and calculated values) and Curie constant C for
different compositions.
Figure 3.7(a) shows the M(T) plots measured under different dc magnetic fields
(0H= 0.01- 5 T) for x= 0. Application of field causes Tc to shift up rapidly to higher
temperatures. The T* is close to 30 K for 0H= 0.05 T and it gradually shifts down and
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broadens with increasing strength of H. The zero field-cooled (ZFC) and field-cooled (FC)
magnetization curves are shown for examining the possible existence of cluster-glass or
spin-glass behaviour. Both ZFC and FC curves diverge below 30 K for 0H= 0.05 and 0.1
T. However, differences between the FC and ZFC magnetizations become negligible for
fields above 0H= 0.1 T. The field-cooled M(T) is expected to slowly increase below the
spin or cluster freezing temperature unlike the decrease found in our compounds, which
rules out the possibility that the low temperature anomaly is due to cluster glass-like
transition.





















































Figure 3.7: (a) Temperature (T) dependence of magnetisation (M) under different
magnetic fields, (b) M-H loops at different temperatures. Inset shows the T-
dependence of coercive field (Hc) for x= 0 compound.
Similar cusp in M(T) below Tc in ac susceptibility was observed earlier in Sm1-
xSrxMnO3 series for x= 0.3-0.5 [17,24,25,26,27] around the same temperature in other
reports, but its origin was not clearly addressed. Borges et al. [25] interpreted that the cusp
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is due to increase in coercive field with lowering temperature. To confirm this point, we
have measured the M-H hysteresis loops (-0.4 T< 0H< +0.4 T) at selected temperatures
below 100 K as shown in the main panel of Figure 3.7(b). It is clearly seen that the
magnetisation at T= 10 and 50 K are lower in magnitude than at T*= 30 K. We show the
plot of coercive field (Hc) versus T in the inset. The value of Hc is almost negligible above
50 K, below which it increases rapidly and reaches above 0Hc = 300 G at 10 K. It is to be
noted here that the low-T peak in M(T) at T* persists up to 0H= 0.5 T which is much
above the Hc. This suggests that the increase in Hc is not the origin of the observed low-T
peak in M(T). The M-H loop at 10 K is closed only above 0H= 0.2 T which indicates the



































Figure 3.8: Temperature (T) dependence of magnetisation (M) under different
magnetic fields for the samples x= (a) 0.1, (b) 0.3 and (c) 0.6.
Figure 3.8 shows the effect of magnetic field on M(T) for La-doped samples, x=
0.1, 0.3 and 0.6 which showed T*= 51, 55 and 137 K respectively. While the para-
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ferromagnetic transition is accompanied by a rapid increase in M(T) under 0H= 0.01 T,
the low-T anomaly is not clearly visible. However, this is very evident under 0.05 T. As H
increases further, the low-T cusp broadens and shifts down in temperature. The
observation of this low-T anomaly in SLSMO series and the progressive increase of its
position towards high temperature with La doping are intriguing and the possible origin of












































Figure 3.9: Ac magnetic susceptibility behaviour of x= 0.6 compound. T-dependence
of (a) ac resistance (R) and (b) reactance (X) of a 10-turn coil wound on the sample at
selected frequencies  (f= 0.1- 5 MHz) in zero magnetic field, (c) ac resistance (R) and
(b) reactance (X) at f= 1 MHz under different dc magnetic fields.
In Figure 3.9, we show the temperature dependence of ac magnetic susceptibility
behaviour of x= 0.6 sample. We measured both the ac resistance (R) and reactance (X)
using Agilent 4294A LCR meter on a 10-turn coil wound at the middle of 10 mm long
sample. Here, X is related to the ac magnetic permeability () of the sample through the
relation,  X L G    , where L is the self inductance of the coil and G is the
geometric factor. Figure 3.9 (a) and (b) show the temperature dependence of R and X in
zero field at selected frequencies (f = 0.1-5 MHz). Both R and X exhibit sharp increase
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around Tc at all f and show a broad cusp at a temperature where dc M(T) showed a peak
i.e., at T*= 130 K. The peak in R and X is clearer at higher frequencies. The straight line in
Figure 3.9(b) at T* indicates that the cusp in X does not shift with f which further confirms
that the origin of the observed cusp in M(T) is not related to spin or cluster glass
transitions. We also show temperature dependence of R and X under sub-kilogauss
magnetic fields for f = 5 MHz in Figure 3.9(c) and (d), respectively. The applied magnetic
field decreases the magnitude of both R and X in the region between Tc and T*. We have
observed similar ac magnetic susceptibility behaviour for x= 0.1 and 0.4 compounds but
they are not shown here.


















Figure 3.10: Temperature dependence of the resistivity (T) of x= 0- 0.6 in zero
magnetic field.
Figure 3.10 shows the temperature dependence of resistivity, (T) measured for x=
0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. The x= 0 sample shows insulating behaviour (d/dT > 0)
throughout the temperature range. The resistivity below 50 K is beyond the measurement
limits of the instrument used. Upon 10% La substitution at the Sm site, the sample shows
an insulator to a metal transition with a peak in resistivity occurring at TIM = 90 K. The TIM
MR, MCE and MTEP in Sm0.7-xLaxSr0.3MnO3
89
is very close to the Tc. As x increases, the magnitude of the resistivity peak decreases and
TIM shifts rapidly to high temperature (TIM = 360 K for x= 0.65). Note that the magnitude of
(T) at 10 K decreases by over 9 orders of magnitude at 10 K between x= 0 and 0.6 Such a
large decrease in resistivity arises due to detrapping of the charge carriers that were
localised owing to strong electron-phonon interaction. The electron-phonon interaction
decreases with increasing La-content because the Mn-O-Mn bond angle increases thus





























































































Figure 3.11: Temperature dependence of  and Magnetoresistance (MR) under
different magnetic fields for x= 0, 0.2, 0.4 and 0.6.
Figure 3.11 shows the resistivity (T) on the left panel and the corresponding
magnetoresistance [MR= ((H)-(0))/(0)]  on the right panel under different magnetic
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fields for x= 0, 0.2, 0.4 and 0.6 samples. We observed that the resistivity peak
corresponding to the metal-insulator transition gets suppressed in magnitude and shifts to
higher temperature with increasing magnetic field. Correspondingly, the MR shows a
maximum at Tc which increases in magnitude with increasing magnetic field. The x= 0
sample shows no insulator-metal transition at any magnetic field but the magnitude of 
decreases with increasing field and therefore no peak is observed in the MR. However, this
sample has the highest value of MR~ 96% for a field of 5 T. With increasing x, the
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Figure 3.12: Phase diagram of Sm0.7-xLaxSr0.3MnO3.
The obtained resistivity and magnetization data were used to construct the phase
diagram, i.e., the plot of ferromagnetic Curie temperature versus tolerance factor for
different x for SLSMO as shown in Figure 3.12. The tolerance factor which determines the







<rA>, <rMn> and ro are the average ionic radii of the A-site, Mn and O ions respectively.
[29] The orthorhombic and rhombohedral structures are usually characterized by t< 1. We
calculated t using average ionic radii with 12-coordination for oxygen and 9-coordination
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for the A-site cation. The average A-site ionic radius is <rA> = (0.7-x)<rSm3+ > + x<rLa3+ >.
The La content is shown on the top x-axis. With increasing La doping, the tolerance factor
increases due to increase in the average ionic radius of the A-site cation which stretches
the Mn-O-Mn bond angle and increases Mn-O bond length.
Discussion
The most important results in this section are (1) Composition driven insulator to
metal transition, and (2) Observation of a peak in the magnetization at the temperature T*
well within the ferromagnetic region in all but x= 0.7 compounds. The composition driven
insulator-metal transition can be ascribed to the increase in one-electron bandwidth due to
increasing tolerance factor. Since the average ionic radius of the La3+ is larger than Sm3+,
the Mn-O-Mn bond angle and also Mn-O bond length are supposed to increase with
increasing La3+ content. In R0.7Sr0.3MnO3 manganites, the compounds with R= La, Pr and
Nd are ferromagnetic metals whereas R= Gd is a spin or cluster glass insulator. [30] From
our results, it appears that R= Sm is the border-line case which is a ferromagnetic
insulator. However, x= 0 is not a homogeneous ferromagnet as suggested by the hysteresis
in M-H curves up to 3 T (Figure 3.13). In this composition, the antiferromagnetic
superexchange interaction between t2g3 spins competes with ferromagnetic double
exchange interaction and localizes eg holes below Tc. As the eg electron band width
increases with La doping, the electron-phonon coupling decreases and the ferromagnetic
state becomes more homogenous. As a result, Tc increases and peak value of  decreases
with increasing x. Interestingly, all the compounds investigated in this series show second-
order PM-FM transition in magnetization and no hysteresis is observed in resistivity
between cooling and warming.
A peculiar behaviour found in this series is the occurrence of a cusp in the field-
cooled M(T) much below Tc. However, the coercivity is small which indicates that the
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origin of the low temperature anomaly is not due to increase in coercive field. We suggest
that the cusp in Sm0.7Sr0.3MnO3 is related to the ordering of Sm-4f5 moment antiparallel to
the Mn-moments. Ordering of rare earth moment is not due to direct Sm-Sm exchange
interaction but is induced by the exchange field of Mn sublattice, as like in SmMnO3.[31]
Due to strong neutron absorption by Sm, investigation of Sm moment ordering in La-
doped compounds by neutron diffraction is difficult. Element specific techniques such as
X-ray Magnetic Dichroism (XMCD) will be useful to pinpoint the ordering of Sm moment
in our compounds. Since Tc increases with La3+ content, the exchange field felt by the Sm-
4f site also increases. Hence, Sm-4f moments can be polarized antiparallel to the Mn-
sublattice at a higher temperature. However, we observe the low temperature cusp even in
composition with small lattice Sm content such as Sm0.05La0.65Sr0.3MnO3. This suggests
that there could be another reason for the cusp in the field-cooled magnetization. We
believe that there could be a change in direction of the easy axis of magnetization (spin
reorientation transition, SRT) of the Mn sublattice. The SRT is probably caused by the
competition between magnetocrystalline anisotropy of the Mn lattice, single ion
anisotropy of Sm3+ ion and Sm-4f-Mn-3d ferrimagnetic interaction and their temperature
dependences. Magnetic measurement on single crystal is necessary to confirm the SRT in
our sample. SRT is not uncommon in rare earth (R)-based RFeO3 (R= Tb, Sm, Ho, Er
etc.) insulating orthoferrites. [32,33] In orthoferrites, Fe ions order antiferromagnetically at
high temperatures (> 500 K) and canting of Fe spins due to Dzyaloshinskii-Moriya (DM)
interaction gives rise to a weak ferromagnetic component in the antiferromagnetic state.
Competition between the single ion anisotropy of R ion and anisotropic dipolar
interactions leads to SRT at a lower temperature, which can be second order or first order.
[34] Unlike orthoferrites, our compounds are ferromagnetic and metallic. The exact origin
of the SRT in our compounds needs a detailed study using single crystals. Nevertheless,
we would like to bring to the notice of readers that ordering of Sm-4f moments induced by
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exchange fields of transition metal ion lattice occurs in other Sm-based compounds. The
canted antiferromagnet SmFeO3 shows a cusp in a-axis magnetization around 130 K much
below the Neel temperature of Fe-sublattice. [35] The ferromagnetic pyrochlore
Sm2Mo2O7 shows a cusp around 35-40 K below the ferromagnetic ordering of Mo:t2g2
spins due to polarization of Sm3+ antiparallel to the ferromagnetic moment of Mo
sublattice. [36] Ferrimagnetic coupling between Sm3+ and Ti4+ also seems to be prevalent
in the titanate La1-xSmxTiO3 for certain value of x. [37] A strong exchange interaction
between Sm and Fe sublattices and existence of induced ordering of Sm at temperature as
high as 110 K, which coincides with ordering temperature of Fe moments, were also noted


















































Figure 3.13 : M(H) plots at selected temperatures for (a) x= 0, (b) 0.1, (c) 0.5 and (d)
0.6 compounds.
We have shown the detailed temperature dependence of magnetic properties of
SLSMO compounds in the previous section. Isothermal magnetization (M-H) curves were
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measured in both increasing (0-5 T) and decreasing (5-0 T) field modes for a temperature
interval of 5 K. The coercive field for all the samples were found to be in the range 250-
120 Oe and it decreases with increasing La content. Figure 3.13(a)-(d) show the M-H
curves for x= 0, 0.1, 0.5 and 0.6 at different temperatures. For clarity, we have shown
M(H) only for selected temperatures. For the x= 0.6 compound, M(H) is linear in the
paramagnetic state and shows a rapid increase at low fields (0H< 0.5 T) in the
ferromagnetic state. However, M(H) at 10 K shows lower values over  the 50 K curve in
the field range 0-2 T and at higher fields crossover occurs. Such a trend is seen in x= 0.5,
0.1 and 0 samples as well but the crossover occurs at smaller fields. This is a consequence
of the decrease of M(T) below T* as shown in Figure 3.4. There is no indication of a field-
induced metamagnetic transition (i.e., a rapid increase of M above a critical value of H) in
any of these compounds, which, if present, would have suggested an antiferromagnetic
ground state at low temperature. Only the undoped compound (x= 0) shows hysteresis over
a larger field range (visible up to 3 T) and the hysteresis is negligible in other
compositions above ±300 Oe.
The magnetic entropy change,Sm, as a function of temperature was evaluated
using the equation 2.1. We plot –Sm = -[Sm(H)-Sm(0)] versus T for x= 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6 and 0.7 compounds in Figure 3.14 for 0H= (a) 1 T and (b) 5 T, respectively. As
expected, -Sm increases with lowering temperature in the paramagnetic state and goes
through a maximum value around Tc for each composition. The magnitude of the magnetic
entropy change at the peak is nearly the same (Sm~ -1.5 J/kg K for 0H= 1 T) for x= 0.1
to 0.6. The parent compound (x= 0) has slightly lower value (~ 0.9 J/kg.K) and the end
compound (x= 0.7) has slightly higher value (1.56 J/kg.K) compared to other
compositions. For 0H= 5 T, Sm= 4.3±0.2 J/kg.K for all x. The x= 0.3 compound shows
the maximum Sm of -4.5 J/kg.K for 0H= 5 T. Much below the ferromagnetic transition,
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Sm changes sign from negative to positive at T= T* for the doped compounds. The
positive Sm is referred as the inverse magnetocaloric effect (inverse MCE) since the
magnetic entropy increases upon application of a magnetic field. It means that the sample
will be cooled by adiabatic magnetization rather than by adiabatic demagnetization. A
horizontal line at Sm= 0 separates the normal MCE and the inverse MCE. The magnitude
of inverse MCE is much smaller than the peak value of the normal MCE at Tc because the
inverse MCE occurs within the long range ferromagnetic state.









































Figure 3.14: Temperature dependence of the magnetic entropy (Sm) obtained from
M(H) data at (a) 0H = 1 T and (b) 5 T for x= 0 to 0.7. Inset shows the variation of
maximum magnetic entropy with magnetic field for all compositions.
In addition to a large Sm value, a large refrigerant capacity (RC) is highly
preferred for practical applications. We compute RC using the method described in section
1.5 and plot the peak value of –Sm and RC for 0H= 1, 2 and 5 T as a function of
composition in Figure 3.15(a)-(b). RC for 0H= 5 T is highest ≈ 255 J/kg.K in x= 0,
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which has the lowest Tc. RC decreases with increasing x. However, RC is still significant,
for example, RC= 181 J/kg.K for 0H= 5 T in x= 0.5 having Tc= 307 K. The RC and Sm
for this composition for 0H= 1 T (2 T) are 35.85 (73.80) J/kg and 1.28 (2.24) J/Kg.K
respectively. Figure 3.15(c) is a scaling plot of Sm/Smax (normalized Sm) versus T/Tc
which is helpful to quickly identify the compound with the highest RC among several
compounds. With increasing x, the width of the plot decreases until x= 0.3 and remains
almost constant for all higher x values. This indicates that the refrigerant capacity
decreases initially with increasing x and remains constant thereupon which is also evident
from Figure 3.15 (b).
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Figure 3.15: Values of (a) Sm at Tc and (b) refrigerant capacity (RC) for0H= 1, 2
and 5 T as a function of composition x. (c) Normalized Sm versus T/Tc for different
x.
The magnetocaloric parameters of all the samples are listed in Table 3.3. We
compare the magnetocaloric parameters of samples with Tc around room temperature
reported in literature along with our samples in Table 3.4.
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x Tc (K)
H = 1 T H = 2 T H = 5 T
Sm (J/kg.K) RC (J/kg) Sm (J/kg.K) RC (J/kg) Sm (J/kg.K) RC (J/kg)
0 83 0.884 44.41 1.51 97.25 3.21 253.43
0.1 95 1.381 43.48 2.29 102.56 4.14 257.06
0.2 123 1.299 43.7 2.38 95.29 4.45 255.17
0.3 195 1.34 48.9 2.44 85.96 4.51 217.51
0.4 256 1.283 32.38 2.318 73.04 4.41 199.01
0.5 297 1.28 35.33 2.24 73.80 4.26 195.56
0.6 338 1.312 33.44 2.25 63.50 4.29 180.62
0.7 375 1.44 32 2.49 65.60 4.51 179.50
Table 3.3: Curie temperature, Activation energy, Maximum magnetic entropy
change and RC for different compositions.
Material H(T) Tc (K)
Smax
(J/kg.K) RC (J/kg) Reference
La0.68Pr0.02Sr0.3MnO3 1.5 354 2.79 44 39
La0.7Sr0.3Mn0.98Ni0.02O3 1.35 325 3.54 71 40
La0.7Sr0.3Mn0.95Cu0.05O3 1.35 350 1.96 39 41
La0.65Nd0.05Ba0.3MnO3 1 325 1.57 24 42
La0.5Sm0.2Sr0.3MnO3 1.5 297 1.94 73 This work
La0.6Sm0.1Sr0.3MnO3 1.5 338 1.80 51 This work
Table 3.4: Magnetocaloric parameters at the Curie temperature Tc for different
manganites.
Critical behaviour near the phase transition
From the isothermal magnetization data presented in Figure 3.13 we plot 0H/M
versus M2 (Arrott plots) for x= 0.6 composition in Figure 3.16. Arrott plot is generally used
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to verify second order paramagnetic to ferromagnetic transition and also to extract critical
parameters associated with the phase transition. [43] The linearity at high fields and
positive slope exhibited by the Arrott plots above Tc confirm the second order nature of the
FM to PM transition. [44] Using these plots, we determine the Curie temperature and the
critical exponents in the vicinity of the phase transition temperature. By extrapolating the
Arrott plots to H/M= 0 for T< Tc and M2= 0 for T> Tc, the spontaneous magnetization
Ms(T) and the inverse initial susceptibility 0-1(T) were calculated. The exponents  and 
were evaluated by fitting equations 3.1 and 3.2 to the plots of Ms(T) and 0-1 (T) (Figure
3.17(a)), respectively. The critical isotherm exponent,  is evaluated from the Widom
scaling relation δ= 1+ .
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Figure 3.16: Arrott plots (0H/M vs M2) of isothermal magnetization. Inset shows
isothermal (-Sm) vs M2 curve of Sm0.1La0.6Sr0.3MnO3.
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where ε = (T−Tc)/Tc is the reduced temperature and M0, (h0/M0) and D are the critical
amplitudes. [45] From the analysis, we obtained Tc= 352 K, β= 0.43 and γ= 1.03. The
exponent δ is obtained from the Widom scaling relation as 3.395. These obtained values
are close to that predicted by the mean field model (β= 0.5, γ= 1 and δ= 3). [46]
According to the mean field model, ΔSm and M 2 for small M values are related by
the equation [47]
2 21( ( )) ( ) ( )
2S Sm
S M T M T M T
c
    
3.4
where CM is the Curie constant. Inset of Figure 3.16 shows isothermal plots of magnetic
entropy (-ΔSm) vs. M 2 which has a linear behaviour with nearly constant slope in
agreement with equation (3.4).




































Figure 3.17: (a) Spontaneous magnetization and inverse initial susceptibility deduced
by extrapolating Arrott plot (0H/M vs. M2) to 0H = 0 and M2 = 0, respectively. Solid
lines are best fits to Eqs. 3.1 and 3.2. (b) Spontaneous magnetization of
Sm0.1La0.6Sr0.3MnO3 estimated from (-Sm) vs M2 curve and Arrott plots.
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Ms(T) values at different temperatures are obtained by linear extrapolation of these
curves. The close agreement of these values with that obtained from Arrott plot is shown
in Figure 3.17(b). Though the data fits to the model nicely, we need to note here that the
mean field model does not consider short-range ferromagnetic correlations, which
generally persists above the Curie temperature in manganites.
Oesterreicher and Parker [48] used the mean-field approach to derive a
proportional relation between the field dependent change in the magnetic entropy (Sm)
and applied field ((0H). Recently, V. Franco et al. showed that Sm in a second order PM-
FM transition can be expressed as nmS H  for T< Tc if a proper temperature scaling is
introduced. [49] They suggested that Sm under different magnetic fields for collapses into
a master curve with the scaling of temperature. We would like to verify their idea in our x=
0.6 compound.

















Figure 3.18: Normalised Sm versus normalized temperature  for different applied
magnetic fields for Sm0.1La0.6Sr0.3MnO3.
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 where TP is the temperature at which Sm peaks and Tr is the reference
temperature corresponding to Sm= Smax/2. In Figure 3.18, we make a similar attempt to
scale the Sm versus T plots under different magnetic fields. We observe that the measured
data under all fields fall onto a single master curve.
Discussion
Inverse MCE is the general property of a material whose magnetization
decreases with decreasing temperature. However, the origin of decrease of magnetization
will be different in different materials. In Heusler alloys such as Ni50Mn34In16, the inverse
MCE is associated with high moment-austentite to low moment-martensite diffusionless
structural phase transition. [50,51] In manganites such as NdBaMn2O6, [52]
La0.125Ca0.875MnO3, [15] Pr0.5Sr0.5MnO3, [53] Pr0.46Sr0.54MnO3, [54] the inverse MCE is
related to the antiferromagnetic transition from either ferromagnetic or paramagnetic phase
upon cooling. Inverse MCE in La0.7Sr0.3MnO3/SrRuO3 superlattices [55] is associated with
AFM coupling between FM layers. Inverse MCE also occurs due to spin-reorientation
transition (examples NdCo5, [56] Nd2Co7 [57]) or ferrimagnetic interaction between rare
earth sublattices (example Gd1-xPrxAl2 [58]). Oscillatory sign of magnetic entropy is
predicted even in diamagnets due to field-induced changes in the density of states at the
Fermi level. [59] However, inverse MCE in our Sm-doped compounds is due to induced
polarization of Sm-4f moment and accompanying spin reorientation transition in the Mn-
sublattice. Coexistence of both normal and inverse magnetocaloric effects in a single
sample is interesting for applications because cooling can be achieved both by adiabatic
magnetization as well as demagnetization and also increases the temperature range of
operation for magnetic refrigeration. When used in composite form, the magnetic entropy
change can apparently remain constant over a temperature range of 200 K, which is very
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much desirable for practical application. The fact that the series has an almost constant
Sm value with tunable Tc makes these compounds interesting for application over a wide
temperature range.
3.3.4. AC transport measurements
We have investigated the effect of lanthanum (La) substitution on ac
magnetotransport properties of SLSMO series with 0.1 ≤ x ≤ 0.6. We measured both the ac
resistance (R) and the reactance (X) as a function of temperature (T= 400-10 K), magnetic
field (0H= 0-7 T) and frequency (f= 0.1 kHz to 5 MHz). We report here the detailed ac
magnetotransport in SLSMO compounds and discuss the possible origins of the observed
effects.
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Figure 3.19: Temperature dependence of the (a) in-phase (′) and (b) out-of-phase
(′′) components of resistivity in zero field at selected frequencies (f = 300 Hz - 2
MHz) for x= 0.1 compound.
Figure 3.19(a) and (b) show the real (′(T)) and imaginary (′′(T)) components of the
ac resistivity, respectively, in zero field for selected frequencies (f= 300 Hz- 2 MHz) for
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x= 0.1 compound. The ′(T) at f = 1 kHz shows a single peak at the insulator-metal (I-M)
transition (TIM = 90 K). The values of ′ at the I-M transition and at room temperature are
920 cm and 0.1 cm, respectively. While the behaviour of ′(T) for f ≤ 30 kHz are
similar, the peak magnitude decreases with increasing frequency. Interestingly, a kink
appears in ′ just above the I-M transition for f > 30 kHz. This kink in ′(T) is more clear
as f increases above 30 kHz and its position shifts up in temperature with increasing
frequency. The single peak observed at TIM for f = 1 kHz splits into a double peak with a
dip occurring around TIM when the frequency is increased to f = 100 kHz. A clear double
peak behavior is seen in ′(T) for f ≥ 100 kHz. We have designated these peaks and the dip
seen in ′(T) as:  – the peak above TIM,  – the peak below TIM and min – the dip or the
minimum in ′(T) around TIM. In Figure 3.20 where we have plotted the frequency
dependence of the positions of -peak, -peak and minimum. While the position of the -
peak shifts downward in temperature with increasing frequency, the position of the -peak
shifts upward in temperature with increasing frequency and the position of minimum is
weakly frequency dependent. Note that the magnitude of ′(T) below T = 200 K decreases
with increasing frequency (Figure 3.19(a)). On the other hand, the I-M transition is
accompanied by a minimum in ′′(T) for all f as shown in Figure 3.19(b). Unlike ′(T),
′′(T) does not exhibit pronounced double peaks. The minimum in the ′′(T) becomes
increasingly negative as the frequency increases to f= 10 kHz and then it decreases again
with further increase in f. The ′′(T) curves become broader as f increases above f= 10
kHz.
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Figure 3.20 : Frequency dependence of peak temperatures corresponding to ,  and
minimum seen in the temperature dependence of ′.
Next we show the effect of increasing La content on the ac electrical transport
properties. We have seen that increasing La content in SLSMO decreases the dc resistivity
of the compounds. Thus, it is interesting to know how the observed double peak gets
affected with La doping.
Figure 3.21(a)-(d) compare the temperature dependences of the ′ (real part) and
′′ (imaginary part) measured in zero field for selected frequencies (f = 0.01-5 MHz) for
x= 0.2 and 0.3. For x= 0.2, ′(T) shows a peak around the I-M transition (TIM= 130 K) at f=
10 kHz. The peak magnitude decreases with increasing f as like x= 0.1. Unlike x= 0.1, the
splitting of a single peak into double peak is almost absent in x= 0.2 though there is a weak
sign of double peak appearance at f= 5 MHz. ′′(T) at all frequencies shows minimum
around TIM as in x= 0.1 and its magnitude is maximum at f= 1MHz.


























































Figure 3.21: Temperature dependence of ′and ′′ under zero field for selected
frequencies (f = 0.01-5 MHz) for x= 0.1 [(a) and (b)] and x= 0.2 [(c) and (d)]
compounds.
On the other hand, both ′(T) and ′′(T) of x= 0.3 (Figure 3.21(c) and (d)) show
different behaviour compared to x= 0.1 and 0.2. The magnitude of ′(T) slightly increases
with increasing f with a maximum around TIM (~210 K) and it does not exhibit the double
peak behaviour. Interestingly, a small kink (pointed by red arrow mark) appears around
T*= 44 K which is enhanced with increasing frequency. It is to be noted that the sign of
′′(T) changes from negative to positive in this sample. However, it shows a minimum at
TIM and a kink around T* which is also more prominent at higher frequencies. Let us now
discuss the results for x= 0.4, 0.5 and 0.6 compounds.
We compare the temperature dependences of ′ (real part) and ′′ (imaginary part)
measured in zero field for selected frequencies (f= 0.1-5 MHz) for x= 0.4, 0.5 and 0.6 in
Figure 3.22(a)- (f). From Figure 3.22(a), we observe that the behaviour of ′(T) of x= 0.4
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shows a much broader transition TIM. The feature at T* is also broader compared to x= 0.3.
However, the magnitude of ′(T) shows an increase with increasing frequency while
cooling. The behaviour of ′′(T) is completely different and it shows a step-like increase
around Tc and a slow decrease below T*. Unlike ′′(T) for x≤ 0.3, the magnitude of ′′(T)
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Figure 3.22: Temperature dependence of ’and ’’ under zero field for selected
frequencies (f = 0.1-5 MHz) for x= 0.4 [(a) and (b)] and x= 0.5 [(c) and (d)] and x= 0.6
[(e) and (f)] compounds.
For x= 0.5 sample, ′(T) (Figure 3.22(c)) shows a sudden jump at Tc and a
continuous decrease below Tc with a sharp change in slope around T* (indicated by red
arrow mark). The amplitude of the step seen in ′ and the hump at T* are enhanced with
increase in frequency and the overall magnitude of ′ increases with increasing frequency
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throughout the entire measured temperature range. Behaviour of ′ (T) in x= 0.6 (Figure
3.22(e)) is very similar to x= 0.5 except that the features at Tc and T* are much more
enhanced in the case of x= 0.6. The behaviour of ′′(T) in x= 0.5 (Figure 3.22(d)) and 0.6
(Figure 3.22(f)) are similar to x= 0.4 sample with sudden increase around Tc and change in
slope around T*. The feature at T* is not clearly visible due to the scale of the graph. The
magnitude of ′′ continuously increases with increasing frequency.
We have investigated the effect of external magnetic fields on the behaviour of
′(T) and ′′(T) for two selected compounds at two selected frequencies (f= 1 and 5 MHz):
1. x= 0.1 which showed a frequency dependent single peak at the I-M transition in
both ′(T) and ′′(T).
2. x= 0.6 which showed a rapid increase around Tc and broad hump at T* in both


















































Figure 3.23: Temperature dependence of ′ and ′′ at f = 100 kHz [(a) and (b)] and f
= 1 MHz [(c) and (d)] under 0H = 0-5 T for x = 0.1.
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The ′(T) and ′′(T) of x= 0.1 were found to be insensitive to sub kilo gauss
magnetic fields. Hence, we focus on the behaviours of ′(T) and ′′(T) under high
magnetic fields (0H= 0, 0.5, 1, 3, and 5 T) which are shown in Figure 3.23(a)-(d) for two
selected frequencies (f= 0.1 and 1 MHz). The ′(T) at f= 0.1 MHz exhibits two peaks
designated by ‘’ (high temperature peak) at T= 103 K  and ‘’ (low temperature peak) at
T= 72 K. While both the peaks are decreased in magnitude under the bias field of 0H= 1
T, the -peak is shifted up by T= 10 K compared to T= 5 K for -peak. Interestingly,
both the  and -peaks merge into a single peak for0H≥ 3 T and its position is 1 K
below the -peak in zero field. The ′′(T) in zero field shows a sharp minimum around the
I-M transition. The sharp minimum decreases in magnitude (becomes less negative),
broadens and shifts to high temperature as H increases. Now, let us see the behaviour of at
f= 1 MHz. The ′(T) at f= 1 MHz in zero field exhibits well separated  and -peaks at T=
109 K and 56 K, respectively. A magnetic field of 0H= 1 T decreases the magnitude of
both the peaks as like at f= 0.1 MHz. While -peak shifts by T= 18 K under 0H= 1 T,
the -peak by T< 1 K with respect to the zero field value. On the other hand, the
behaviour of ′′(T) at f= 1 MHz is similar to that of f= 0.1 MHz except that there is a weak
shoulder just below TIM (not clearly visible in the scale). The sharp minimum decreases in
magnitude (becomes less negative), broadens and shifts to high temperature as the
magnetic field increases. The weak shoulder observed just below TIM in zero field also
disappears with increasing strength of the magnetic field.


















































Figure 3.24: Temperature dependence of ′ and ′′ at f = 200 kHz [(a) and (b)] 1
MHz [(c) and (d)] and 5 MHz [(e) and (f)] under 0H = 0-1 kG for x = 0.6.
Next we show the results for x= 0.6 in Figure 3.24(a)-(f). Left panel shows the in-
phase component, i.e., ac resistivity, ′(T) under superimposed dc magnetic fields (0H=
0, 300, 500, 700 G and 1 kG) for (a) f = 200 kHz, (b) 1 MHz and (c) 5 MHz. The
behaviour of ′(T) at 200 kHz is similar to the dc (T) and its magnitude is hardly affected
in low magnetic fields. By contrast, ′(T) for f = 1 MHz in H= 0 shows a steep increase at
T = 348 K and a peak nearby. Then, it decreases gradually until 170 K and shows a kink
around T*~ 147 K, which closely resembles the low-field dc magnetization data. The peak
at Tc decreases in magnitude and shifts to lower temperature with increasing H and
completely disappears for 0H= 1 kG. The kink at T* is smeared out with increasing H. ′
below 100 K is less affected by the magnetic field. The features at Tc and T* become
prominent for f= 5 MHz. Figure 3.24 (b), (d) and (f) show the reactive component (′′) for
the same frequencies. Unlike the resistive component, ′′(T, H= 0) for f = 200 kHz shows
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an abrupt increase accompanied by a peak just below Tc. Below 200 K, ′′(T, H= 0)
increases gradually but shows a clear kink at T*~ 160 K. The features at Tc and T* become
clearly visible at f= 1 and 5 MHz. As H increases in magnitude, the peak at Tc decreases in
amplitude and progressively shifts towards lower temperature as like the ′(T) at different
frequencies
Since there is a dramatic change in both ′ (T) and ′′(T) under the magnetic field,
































Figure 3.25: Temperature dependence of ac (a) magnetoresistance (′/′) and (b)
magnetoreactance″″) at f = 1 MHz for different magnetic fields (0H = 0.5 and
1 T) for x= 0.1 sample.
First we show the temperature dependence of ac magnetoresistance (′/′ =
[′(H)-′(0)]/′(0)) and (b) magnetoreactance (′′/′′ = [′′ (H)-′′(0)]/′′(0)) for x= 0.1
at 0H= 0.5 and 1 T for f= 1 MHz in Figure 3.25(a) and (b), respectively. -′/′ is
positive and initially increases with lowering temperature and shows a double peak around
Tc and decreases thereafter. The maximum magnitude increases from 75% under 0H= 0.5
T to 83% under 0H= 1 T. It is to be noted here that the magnitude of -′/′ at low
temperature increases with increasing magnetic field. On the other hand, -′′/′′ is
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negative at high temperatures, decreases rapidly and changes to positive below 150 K. It
exhibits a peak of magnitude 60% at 0H= 0.5 T around T= 95 K and then decreases with
further decrease in T. The magnitude of the -X/X peak increases to 75% at 0H= 1 T.

















































Figure 3.26: Temperature dependence of (a) ′/′ and (b) ″″ at f= 3 MHz for
different magnetic fields (0H= 300, 500, 700 G and 1 kG) for x= 0.6 sample. The
inset of (b) shows the frequency dependence of the maximum values of ′/′and
″″at the Tc for 0H= 1 kG.
We plot the temperature dependence of (a) ac magnetoresistance and (b)
magnetoreactance in Figure 3.26 under different magnetic fields for f= 3 MHz.  The ac
magnetoresistance (ac MR) for 0H= 300 G is negligible above Tc but it increases sharply
just below Tc and goes through a peak value (= 35%), decreases sharply below the Tc and
then changes slowly as T decreases. A weak anomaly in ac MR occurs around 147 K and
the MR becomes negligible below 50 K. The magnitude of the ac MR peak at Tc increases
as H increases (= 42 % for 0H= 1 kG) and so does the anomaly around 147 K. Features
similar to the ac MR are seen in the magnetoreactance (MX) as well. The magnitude of MX
at the peak increases from 7.8% for 0H= 300 G to 10.8% for 0H= 1 kG. We show
frequency dependence of the peak values of ac MR and MX for 0H= 1 kG in the inset of
Figure 3.26(b). The ac MR is negligible below 1 kHz, increases with increasing f and
reaches a maximum value (= 40-45 %) in the frequency range f= 2- 3 MHz and then
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decreases slightly at higher frequencies. On the other hand, MX has the highest value of
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Figure 3.27 : Field dependence of ′/′at different frequencies at 300 K for I = 5
mA. The data for I = 1 mA and 20 mA are identical as shown for f = 3 MHz. (b) H-
dependence of ″″. and Thickness dependence of (c) ′/′and(d) ″″ at 3
MHz at room temperature for x= 0.6.
Figure 3.27 (a) shows the magnitude of ac MR (′/′) as a function of magnetic
field at room temperature for different frequencies. The ac MR is less than 2% when f =
100 kHz but at higher frequencies it shows a rapid increase in the field range -500 G≤ 0H
≤ 500 G  and slow variations for 0H above ±1 kG. The magnitude of ac MR increases
with frequency and reaches a maximum value of 41% at 3 MHz and then decreases to 39%
at 5 MHz. On the other hand, the magnitude of ′′/′′ as shown in Figure 3.27(b)
decreases continuously with increasing frequency. The magnitudes of ac MR and MX for
I= 1 mA and 20 mA are same, which suggests that the voltage induced is linearly
proportional to the current. Figure 3.27(c) and 4(d) show the influence of the thickness of
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the sample on the ac MR and ac MX, respectively. While the current and voltage contacts
were kept intact, the bottom surface of the sample was thinned down with a fine emery
paper and the field dependence of the impedance was measured for three different
thicknesses. The magnitude of the ac MR decreases dramatically with decreasing thickness
of the sample whereas the ac MX initially increases with decreasing thickness and then
decreases.
We now focus on the compounds x= 0.1 and 0.2 which showed an unusual
behaviour in temperature dependence of ac resistance with varying frequency. We have
measured the frequency dependence of both R and X in the frequency range f= 0.1 kHz to
5 MHz at selected temperatures from T= 10 K to 180 K in a narrow temperature interval of
T= 3-5 K around Tc.

































Figure 3.28: Frequency dependence of resistance (R) and reactance (X) at different
temperatures for x= 0.1.
Figure 3.28 shows the frequency dependence of R and X at temperatures (T= 10
K) below and above Tc. While R shows a sudden decrease from very high values to very
low values with increasing frequency, X increases from small magnitudes to shows a peak
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around a certain frequency depending on the measured temperature and decreases again at
very high frequencies.






















































Figure 3.29: (a) Plot of –X versus R at selected temperatures (T= 10-180 K) for x= 0.1
compound derived from the frequency sweep data. (b) Temperature dependence of
the relaxation time () (left scale) and dc resistivity () (right scale) estimated from
the position of the peak in –X versus R plots.
From the frequency sweep data of R and X, we have plotted –X versus R at
different temperatures in Figure 3.29(a). All the plots in the temperature range T= 10-180
K give semicircles similar to the Cole-Cole plot of -Z′′ versus Z′ obtained in dielectric
materials, where Z′ and Z′′ are the real and imaginary parts of the electrical impedance
measured in two probe configuration. All the curves exhibit a clear maximum. The
position of maximum increases with increasing temperature from 10 K and shows the
highest value at T= 90 K and then it decreases with further increase in temperature. The
maximum in each plot occurs at a characteristic frequency (fmax). We see a systematic
change in fmax in R versus –X plots with varying temperature just below and above the I-M
transition. We define a relaxation time = 1/fmax. We compare the temperature dependence
of  (left scale) and dc resistivity (right scale) in Figure 3.29(b). Interestingly, we see a
close agreement between the temperature dependences of the dc resistivity and .
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Figure 3.30: Plot of –X versus R at selected temperatures (T= 118-163 K) for x= 0.2
compound derived from the frequency sweep data under 0H= (a) 0 and (b) 1 T.
Figure 3.30 shows the plot of –X versus R at selected temperatures (T= 118- 163 K)
for the x= 0.2 compound in the frequency range f = 0.1 kHz to 5 MHz with and without
magnetic field. As seen from the plots, the measurement frequency range is insufficient to
complete the semicircles in this sample. The frequency of maximum increases to the
highest value at T= 133 K under 0 T while it occurs at T= 139 K under a field of 1 T.
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Figure 3.31: Temperature dependence of the relaxation time () (left scale) and dc
resistivity () (right scale) under 0H= (a) 0 T and (b) 1 T estimated from the position
of the peak in –X versus R plots for x= 0.2 sample.
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We compare the temperature dependence of the calculated  (left scale) and dc
resistivity (right scale) for x= 0.2 in Figure 3.31 with and without magnetic field (1 T). It
can be seen that the shift in peak temperature of  vs T complies with the upward shift in
resistivity peak with increasing magnetic field.
The important results obtained in this section are:
1. Splitting of single peak appeared in ′(T) around TIM in x= 0.1 for f ≤ 30 kHz into
double peak ( and  – high and low temperature peaks, respectively) with increasing
frequency.
2. Shifting up of - and -peak positions in temperature with increasing strength of the
external magnetic field.
3. Disappearance of double peak behaviour in compounds with x> 0.1.
4. Observations of step-like increase at Tc and sudden drop at T* in ′′(T) of x≥ 0.3 for f >
100 kHz and also ′(T) of x> 0.2 for f ≥ 2 MHz.
5. Sensitiveness of both R and X to external magnetic fields.
Let us first discuss the origin of the splitting of single peak appeared in ′(T) in
zero-field into double peak with increasing frequency in x= 0.1 sample. The low
sensitivity of the position of the high temperature -peak and the rapid upward shift of the
low temperature -peak with increasing magnetic field are to be noted. The observed
frequency-induced single to double peak behaviour in zero field has certain resemblance to
critical slowing down of fluctuations observed in some ferroelectric and magnetic systems.
[60] In these systems, the relaxation time () associated with electrical dipoles (or
magnetic dipoles in ferromagnets) increases abruptly very close but above Tc. Hence, the
electrical (magnetic) dipoles are unable to follow the ac electric (ac magnetic) field which
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results in dispersion in the real part of the dielectric permittivity (magnetic permeability).
A similar behaviour of increase in relaxation time as temperature approaches to Tc is found
in our x= 0.1 sample too (Figure 3.29(b)). Thus, the splitting behaviour observed in ′(T)
in x= 0.1 is possibly due to the dispersion in the real part of the dielectric (magnetic)
permeability. The inverse susceptibility clearly suggests the presence of short range
ferromagnetic clusters above the Curie temperature. The correlation length and relaxation
time associated with the ferromagnetic clusters can increase dramatically very close to Tc
and can show dispersion in magnetic susceptibility. Hence, the ac resistance decreases
below the freezing temperature which increases with the frequency of the ac current. As
temperature decreases just below Tc, the charge carriers experience additional scattering
due to ferromagnetic spin fluctuations and hence the ac resistance increases again and goes
through a maximum. The applied magnetic field increases ferromagnetic interaction
between the clusters. As a result, the -peak shifts upward and a positive
magnetoresistance is observed in a narrow temperature range above Tc.
Let us now discuss the disappearance of double peak behaviour with La doping
(x> 0.1). The substitution of bigger size La3+ ion (<rLa>= 1.216 Å) for a smaller size Sm3+
ion (ionic radius = 1.132Å) increases the ferromagnetic Tc with increasing x in SLSMO.
The deviation observed in inverse susceptibility decreases with increasing La doping. It is
also observed that La doping reduces the dc resistivity of the compound. The magnitude of
dc resistivity of x= 0.1 at TIM is = 1.2 kcm which decreases by two orders of magnitude
in x= 0.2 (= 17 cm) and further two orders of magnitude in x= 0.3 (= 0.28 cm). The
decrease in dc resistivity hinders the dielectric response of the sample and the resistive part
plays the major role in the ac electrical transport. Hence, the splitting behaviour which
originates from the dispersion in the real part of permeability is weakened with increasing
La doping and disappeared in La-rich (x> 0.1) compounds. However, in the presence of
MR, MCE and MTEP in Sm0.7-xLaxSr0.3MnO3
118
ferromagnetic clusters with low resistivity and the paramagnetic phase with high
resistivity, a proper modelling is needed for the ac transport studies.
Now let us focus on the origin of the anomalies in the ac electrical transport of x=
0.6. The occurrence of a large ac MR (≈ 35%) in a low magnetic field of 0H= 300 G at Tc
in x= 0.6 is remarkable since the dc magnetoresistance is only 27% at Tc even at 0H= 50
kG. The low field ac MR, unlike the high field dc MR, approaches zero at the lowest
temperature. Low-field dc magnetoresistance in polycrystalline manganites is generally
attributed to the enhanced tunneling of spin polarized electrons between ferromagnetic
grains as their magnetizations reorient towards the direction of the applied magnetic field.
[61] However, the temperature and thickness dependences of ac magnetoresistance
indicate that its origin is most likely macroscopic in nature in the metallic sample studied
here.
Theoretical models to explain ac magnetotransport in manganites are currently not
available. One possible scenario is that the eg electrons hop shorter distance with
increasing frequency of the ac current and the critical scattering by the magnetic moments
of localized t2g spins causes a rapid increase of the ac resistivity at Tc. However, such a
critical scattering cannot explain why the magnetoresistance is dependent on the thickness
of the sample.  An alternative scenario is to consider the ac electrical response of the
sample as a combination of contributions arising from the resistive and reactive
behaviours. We assume that ac impedance of our sample i.e., Z (f, T, H)= R(f, T, H)+ iX(f,
T, H) can be modelled as a series combination of a resistance (R) and an inductor with
reactance X = 2fL where L is self inductance. Hence, ′ R and ″ X. The flow of ac
current in the sample creates a transverse ac magnetic field perpendicular to the direction
of current flow. For a current of 5 mA rms, the ac magnetic field (Hac= 0I/2r) on the
surface of the sample is 0.1 mOe if we assume the sample as a cylinder with radius equal
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to half thickness. The ac magnetic field thus created interacts with the magnetization of the
sample. At low frequencies, skin effect is negligible and the ac current flows through the
bulk of the sample. As the frequency increases,  current tends to migrate towards surface
of the sample and becomes confined to a skin depth layer of thickness,
0( / )dc tf     that  depends not only on the frequency (f) of the ac current and dc
resistivity (dc) of the sample but also on the transverse magnetic permeability (t) of the
sample.  Magnetic field can affect the skin depth via transverse permeability and a large
magnetoimpedance effect was initially reported in amorphous and nanocrystalline
ferromagnetic ribbons. [62]
The ac impedance of a conducting slab of thickness 2t is given by
coth( )dcZ R kt kt (1)
where k = (1+i)/ is the wave propagation constant.[63,61]
In the low frequency limit, > t or kt< 1, Z can be approximated as,
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Thus, the inductive reactance and the excess resistance are proportional to ft'
(excess to the dc resistance) and ft″.respectively As the sample enters the ferromagnetic
state from high temperature, t′ increases rapidly at T= Tc. Hence, the X(T) (or ″(T))
increases rapidly at Tc even in the absence of an external magnetic field. Below the SRT,
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t′ decreases and it is reflected in the decrease of ″(T) below 160 K. The t″ which
characterizes the magnetic loss is small at f= 200 kHz and hence the ′(T) is not affected at
this frequency. However, as the frequency increases, ′ is expected to decrease rapidly
above a characteristic frequency and t″ is expected to go through a maximum value due
to domain relaxation process. In the FM state, the ac permeability of polycrystalline
La0.7Sr0.3MnO3 shows relaxation behaviour: t′ starts to decrease rapidly ~ 1 MHz around
which t″ goes through a maximum value due to relaxation of domain walls. [64]
As the frequency increases, the ac current tends to migrate towards the surface due
to skin effect.  If the skin depth is much smaller than the half thickness of the sample ( <<
t), then the impedance takes the form [62]
 0(1 ) / ( / 2 )dc dc dc R LZ R i R a i        (4)
where '',   ''R t t L t t         and 0 is the nonmagnetic skin depth. Thus, if we
take Z= R+iX,   then 1/ 2( ) ''t tR     and 1/ 2( ) ''t tX     . Thus, in the
high frequency skin depth dominated regime, both resistance and reactance are affected by
the magnetic loss (t″).
The nonmagnetic skin depth in the paramagnetic state of our sample, for instance
at T= 348 K (> Tc) is 6 mm which is larger than the half thickness of the sample (t= 0.9
mm). As the sample enters the ferromagnetic state from paramagnetic state, the skin depth
is expected to decrease in zero external magnetic field because the transverse ac magnetic
permeability (t) increases abruptly at T = TC. If we take t= 50 in our sample (somewhat
smaller than = 85 in La0.7Sr0.3MnO3 [64]), the magnetic skin depth at T= Tc becomes 0.65
mm for f = 1 MHz, which is smaller than half thickness of the sample (t= 0.9mm). As the
cross sectional area for the current flow decreases at Tc, both the components of the
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resistivity show abrupt increase, followed by decrease at T* due to decrease in t below T*.
In the presence of a dc magnetic field, the dc magnetization of magnetic domains
predominantly align along the field direction and the magnetic response of domains to
small ac magnetic field  becomes weaker, i.e., ac permeability decreases. As a result, the
skin depth increases at Tc and hence the ac resistivity decreases with increasing magnetic
field. The observed thickness dependence of the ac magnetoresistance supports the
scenario in which we deal with skin depth related phenomena. In thicker sample,  ≪ t and
for thin sample,  > t, where t is the half thickness. The skin effect is less important in
thinner sample. With increasing frequency, the skin depth is expected to decrease provided
that the transverse permeability is frequency independent. However, we notice that
magnetoresistance in thick sample reaches a maximum value for f= 2-3 MHz. This
frequency corresponds to the characteristic relaxation frequency of domain rotation (i.e.
where t″ exhibits a maximum value). Since ″ starts decreasing above this frequency, the
applied magnetic field has less impact on its value and hence the ac magnetoresistance
also decreases.
3.3.5. Transverse rf susceptibility measurements
In this section, we study two selected compositions: x= 0.7 compound which did
not show any anomaly at low temperature and x= 0.6 compound which showed an
anomaly at T* (~ 130 K) below the long-range ferromagnetic ordering. First, we will show
the temperature dependence of both the resonance frequency (fr) and current (I) through
ICO under different magnetic fields.
Figure 3.32 (a) and (b) show the the temperature dependence of the current, I(T),
through the ICO circuit and resonance frequency, fr(T), of the ICO under different dc bias
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magnetic fields (0H= 0 to 1 kG). In the absence of an external magnetic field, the current
I is small in the paramagnetic (PM) phase but increases rapidly at the onset of
paramagnetic to ferromagnetic (PM→FM) transition, Tc= 372 K upon cooling. Then, I(T)
continues to increase continuously with lowering temperature. Below T~ 50 K, I(T) shows
a decrease. In the presence of an external magnetic field, I(T) shows a tendency to increase
in the ferromagnetic state while it is unaffected in the paramagnetic state. However, the
effect of field is most prominent close to, but below Tc where a clear maximum starts
appearing with increasing field. On the other hand, fr(T) shows a sharp drop at Tc and a
gradual increase below that. The resonant frequency decreases and the sharp dip at Tc is
broadened and shifted to lower temperatures with increase strength of dc magnetic field. fr
























Figure 3.32: Temperature dependence of the (a) current (I) through ICO (b)
resonance frequency (fr) at different external magnetic fields (0H= 0, 300, 500, 700
and 1 kG) for x= 0.7 compound.
We show field dependence of the current, I(H), for T= 10-370 K in Figure 3.33(a)
as the field is swept through 0H= +4 kG→ -4 kG→ +4 kG. At a temperature near Tc, I(H,
T = 370 K) is nearly saturated at 0H= 4 kG but it quickly rises below 0H= ±1.5 kG and
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exhibits a peak at the origin (0H = 0 G). At a lower temperature 350 K, the single peak
splits into double peak which is symmetrical about the origin and occurs on either side of
zero at 0H~ ±1 kG. With lowering temperature, the peaks get shifted to higher fields. On
the other hand, fr(H) as shown in Figure 3.33(b) shows a flat behaviour with a similar
broadening like I(T).
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Figure 3.33: Field dependence of (a) I and (b) fr at selected temperatures for x= 0.7
compound.
The behaviour of the peaks with lowering temperature directly reflects the
increasing magnetic anisotropy with decreasing temperature below the Tc. To show the
effect clearly, we compare the field dependence of magnetisation and current through the
ICO at different temperatures in Figure 3.34. We observed that at each temperature, the
peak positions coincide with the anisotropy field (±Hk) according to the theoretical model
of Aharoni et al. [65]













































































Figure 3.34: Field dependence of Magnetisation (M) (left scale) and Current (I) (right
scale) at different temperatures for x= 0.7 compound.
















Figure 3.35 : Temperature dependence of the anisotropy peak fields obtained from
the field sweeps for x= 0.7.
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To further clarify this point, we obtain the values of Hk from the peaks appearing
in field sweeps at different temperatures and plot them as a function of temperature in
Figure 3.35. It is seen that Hk increases from negligible values with lowering temperature
below Tc and keeps increasing continuously till the lowest temperature.
Next we show the response of both I(T)and fr(T) for x= 0.6 compound which
showed a low temperature cusp at T*= 100 K.
























Figure 3.36: Temperature dependence of the (a) current (I) through ICO (b)
resonance frequency (f) at different external magnetic fields (0, 300, 500, 700 G, 1
kG) for x= 0.6.
Figure 3.36 (a) and (b) show the temperature dependence I(T) and fr(T), at
different dc bias magnetic fields (0H = 0-1 kG) for x= 0.6. The behaviour of I(T) is
similar to that of x= 0.7, except that it shows a clear cusp at T* and a rapid decrease on
further cooling. Application of magnetic field seems to have no effect on the low
temperature cusp. The broad cusp is observed in the frequency part as well with slight
effect on application of magnetic field.
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Figure 3.37: Field dependence of (a) I and (b) fr at selected temperatures for x= 0.6.
Figure 3.37 shows the field dependences, I(H)and fr(H) for x= 0.6 for temperatures
ranging from 350 K to 10 K (Tc for the sample is 338 K). Similar to the x= 0.7 compound,
I(H, T= 350 K) shows a single peak which splits into double peak below Tc. With lowering
temperature, the peaks get shifted to higher fields until 120 K, below which the peaks
gradually shift to lower fields.












































































Figure 3.38: Field dependence of magnetisation (M) (left scale) and current (I) (right
scale) at different temperatures for x= 0.6.


















Figure 3.39: Temperature dependence of the anisotropy peak fields obtained from
the field sweeps for x= 0.6.
We show the variation of Hk with temperature for x= 0.6 sample in Figure 3.39.
Similar to x= 0.7, the sample shows an increase in anisotropy field with lowering
temperature below the Tc. Interestingly, the anisotropy field reaches a maximum around
MR, MCE and MTEP in Sm0.7-xLaxSr0.3MnO3
128
T= 120 K and starts decreasing with further cooling. This is consistent with the decrease of
field-cooled magnetization below T*~ 130 K.
In our sample, the decrease in magnetic anisotropy at low temperature in the Sm-
doped sample further supports the possibility of a SRT occurring around that temperature.
The usefulness of the TS technique to characterize magnetic properties of the samples is
not much recognized so far compared to longitudinal ac susceptibility technique.
Nevertheless, there are few available reports which indicate the power of this technique.
The structure-driven magnetocrystalline anisotropy transition occurring in Pr0.5Sr0.5CoO3
was successfully probed using TS measurements. [66] A change in volume fraction of
AFM and FM phases around 30 K in LaMnO3 was observed by studying the change in
magnetic anisotropy with temperature. [67] A decrease of anisotropy field below the
charge ordering temperature was observed using TS measurements in single crystals of
La0.85Sr0.15MnO3. [68]
3.3.6. Thermoelectric power
Thermoelectric properties of manganites either in zero field or under a magnetic
field has been a least investigated property so far. A systematic study of thermopower as a
function of carrier doping (x) in La1-xCaxMnO3 (0 ≤ x ≤ 0.9) series was done by
Mahendiran et al. [69] and Hundley et al. [70]  The sign of TEP  at room temperature was
found to change from positive to negative for x≥ 0.2. Thermopower in La0.67Ca0.33MnO3
films under magnetic external magnetic fields was reported independently by Jaime et al.
[71] and B. Chen et al. [72] Magnitude of thermopower decreased with increasing
magnetic field. Magnetothermopower close to 28% around Tc (= 220 K) was reported by
Chen et al. Asamitsu et al. [73] investigated TEP in La1-xSrxMnO3 (0.18≤ x ≤0.4) in zero
and non-zero magnetic fields.
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Figure 3.40: Temperature dependence of (a) dc resistivity (), (b) thermopower (Q)
under 0H= 0 T and (c) magnetisation () for under 0H= 0.1 T x= 0 to 0.6.
Figure 3.40(a) and (b) show the resistivity () and thermopower (Q) for all the
samples measured in zero external magnetic field while cooling from 400 K down to 10 K.
Figure 3.40(c) shows the measured dc magnetization (M) for different samples (x= 0 to
0.6) under a magnetic field of 0H= 0.1 T. No hysteresis was observed in any of these
properties while warming. Thermopower (Q) of x= 0 sample is very small and negative at
380 K (≈ -0.02 V/K) and as T decreases it crosses over to positive around 360 K. Then,
Q(T) increases with decreasing T and shows a broad peak around TQ =130 K, where it
reaches a maximum value of +60 V/K. Below the peak, Q rapidly falls towards zero and
even crosses over to a small negative value. With further lowering temperature Q is nearly
temperature independent and has very small value of +0.01 V/K at 10 K. Surprisingly,
Q(T) goes through a peak value although (T) increases continuously with lowering
temperature. In the high temperature side, Q becomes increasingly negative with
increasing x. The Q(T) of compositions x= 0.1 and 0.2 also show change of sign from
negative to positive as T decreases from 380 K and exhibit positive peaks at TQ= 143.7 K
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and 164.2 K, respectively. The magnitude of the positive peak decreases and the
temperature TQ corresponding to the peak increases as x increases from 0.1 to 0.2. While
both these compositions show insulator to metal transition in resistivity at T= TIM while
cooling, TIM occurs at several Kelvins below TQ (see the discussion later). At low
temperatures, Q is very small and nearly temperature independent as like in x= 0. For x≥
0.3, Q is predominantly negative and instead of exhibiting a positive peak, it shows a rapid
decrease in vicinity of Tc followed by a broad maximum with small positive values at
lower temperatures (not clear from this figure). As T 10 K, Q(T) also approaches zero.
For these samples, the temperature where Q(T) changes rapidly closely matches with the
Tc and TIM.




















































Figure 3.41: Simultaneous measurement of T-dependence of thermopower (Q) [left
scale] and dc resistivity () [right scale] for x= (a) 0.1 and (b) 0.4 under 0H= 0 T. (c)
Inverse susceptibility fits for same compounds.
To examine the non-coincidence of the peaks in resistivity and thermopower
observed for x≤ 0.2 compositions, we carried out simultaneous measurements of (T) and
Q(T). In the simultaneous measurement, a temperature gradient of 1 K was initially
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created between the ends of the bar-shaped sample and thermoelectric voltage was
measured after stabilization at a fixed temperature. Then, a current of 100 A was passed
and the electric voltage was measured at the same temperature using two extra copper
wires for voltage measurement. These steps were repeated for other fixed temperatures.
Figure 3.41 shows the results for x= (a) 0.1 and (b) 0.4. For x= 0.1, the peak in Q(T)
clearly occurs at a temperature 50 K above the peak in (T). Apparently, Q(T) goes
through a minimum (negative value) at T= TIM where the resistivity shows a peak. On the
other hand, for x= 0.4, the rapid decrease in Q(T) coincides with the peak in  which in
turns coincides with Tc. Figure 3.41 (c) shows the inverse susceptibility (H/M) for both the
samples. While the ferromagnetic Curie temperature Tc determined from dM/dT for x= 0.1
sample is 90 K, the inverse susceptibility shows a strong deviation from the Curie-Weiss
fit below ~250 K. This behaviour suggests the existence of short-range magnetic clusters
much above Tc, which might have a connection to the observed maximum in Q(T). On the
other hand, deviation from the Curie-Weiss fit is negligible for x= 0.4 and the
paramagnetic Curie temperature obtained from extrapolation of the inverse susceptibility

















































Figure 3.42: Linear fits (lines) at high temperature for (a) ln(/T) (b) Q versus 1000/T
plots for all x. Respective insets show the variation of fitted activation energies (E
and EQ) with composition x.
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We could fit the electrical resistivity and thermopower in the paramagnetic phase
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respectively.
Figure 3.42 shows the plots of (a) ln(/T) and (b) Q versus 1/T for different x under 0H=
0 T and fits to the above equations in the high temperature region. The activation energies,
E and EQ , obtained from the fits were plotted as a function of composition in the insets of
Figure 3.42(a) and (b) for resistivity and thermopower, respectively. For x= 0, E150.7
meV and EQ = 18.6 meV. With increasing x, both activation energies decrease. The large
difference between Eand EQ is the hall mark of small polaron hopping in the adiabatic
limit, wherein transport is dominated by temperature-dependent mobility. [70] Hopping of
polaron is thermally activated in the high temperature regime and the mobility obeys
~ exp( / )H BW k T  where WH is the hopping energy which measures half of the
polaron binding energy. While EQ is the activation energy needed for charge carrier to hop
between two identically distorted lattice, E= WH+ES. Further, we obtain = 0.57 for x= 0.
In general, < 1 indicates small polaron hopping transport and >2 signifies large
polaron hopping. [74]
Now let us look at the influence of magnetic field on the resistivity and
thermopower. Figure 3.43 shows the effect of magnetic field on (T) (top panel) and Q(T)
(middle panel) and the magnetisation under 0H= 0.1 T (bottom panel) for four selected
compositions, x= 0, 0.1, 0.3 and 0.5. While (T) of x= 0 shows insulating behaviour down
to 10 K in zero magnetic field,  the resistivity decreases considerably  in magnitude below
100 K in presence of 0H = 3 T. Upon cooling, (T) under 3T shows a peak around 51 K
followed by a minimum around 36 K below which it increases. While the resistivity peak
decreases in magnitude and shifts to 54 K for 5 T and 61 K for 7 T, the increase of (T)
below 36 K is not completely suppressed. In contrast to x= 0, (T) of x= 0.1, 0.3 and 0.5
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shows a peak in zero field, which closely coincides with the onset of ferromagnetic
transition. All these three samples remain metallic in the ferromagnetic state for 0H= 0 T.
The resistivity peak in all the above three compositions decreases in magnitude and shift to



































































































Figure 3.43: Temperature dependence of T-dependence of (a) dc resistivity (), (b)
thermopower (Q) under 0H= 0, 3 and 5 T and (c) Magnetization (M) under 0H= 0.1
T for x= 0 [left panel], 0.3 [middle panel] and 0.5 [right panel].
The thermopower exhibits a positive peak for x= 0 and 0.1 in zero field and the
peak decreases in magnitude and shifts towards high temperature with increasing strength
of the applied magnetic field. With increasing H, the temperature at which Q(T) crosses
zero below the peak also moves towards high temperature side in these two compositions.
In x= 0.3 and 0.5 compositions, the effect of applied magnetic field is mainly to reduce the
change of slope around Tc= TIM. It is noteworthy to mention that while the effect of
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magnetic field on Q(T) in these last two compositions is confined to a narrow temperature
region around TIM, (T) decreases over a wide temperature below Tc under a magnetic
field. It suggests that the thermopower is very sensitive to magnetic phase transition within
grains but insensitive to spin polarized tunnelling between grains that dominates





































Figure 3.44: T-dependence of percentage (a) Magnetoresistance (MR) and (b)
Magnetothermopower (MTEP) under 0H= 5 T for x= 0 to 0.5.
We plot the magnetoresistance [MR= ((H)-(0))/(0)] and magnetothermopower
[MTEP = (Q(H)-Q(0))/Q(0)] in Figure 3.44(a) and (b) as a function of temperature under
0H= 5 T for x= 0, 0.1,0.2, 0.3,0.4, 0.5 and 0.6. The MR is negligible at temperatures far
above Tc and it increases with lowering temperature and shows a peak at T= Tc for all the
compositions except x= 0, for which the resistivity is not measurable below 50 K. With
increasing x, the magnitude of MR peak decreases continuously (MR= 98.4, 93.2, 79.2,
54.1, 39.7% for x= 0.1, 0.2, 0.3, 0.4 and 0.5, respectively). The MTEP for x ≤ 0.2 increases
with decreasing temperature but does not show any maximum. Note that the calculation of
MTEP is restricted only to the region where Q in zero or applied magnetic field shows no
sign change. The MTEP is close to 99% for all these three samples at its maximum value
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and approaches zero in the high temperature side. Because of the sign change of Q(H= 0)
in x= 0.1 around 235 K, the MTEP calculation on the high temperature side is also
restricted up to 235 K. The MTEP of x= 0.3, 0.4 and 0.5 show a clear peak at their
respective Tc’s, and the peak values are 33.9, 45.8, 39.4% for x= 0.3, 0.4 and 0,5,
respectively. Occurrence of large MTEP of 39.4% around room temperature (T= 305 K) in
x= 0.5 is remarkable.
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Figure 3.45: Correlation between MTEPQ/Q) and MR/) near and above Tc
with 0H varying from 0 to 7 T for x= (a) 0.1 (b) 0.4 and (c) 0.5.
To investigate a possible correlation between MTEP and MR, we measured the
MR and MTEP as a function of magnetic field (0H= 0 T to 7 T) at several fixed
temperatures. In Figure 3.45, we plot MTEP against MR for x= (a) 0, (b) 0.1, (c) 0.4 and
(d) 0.5. The MTEP, in general, increases linearly with the MR at different temperatures in
all the samples. Deviation from non linearity is observed when MR value exceeds 0.4 in x=
0 sample. Interestingly, the magnitude of MTEP surpasses the MR values for all the
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measured temperatures in x= 0 and 0.1. As x increases, there is a general tendency of
MTEP getting closer to MR in magnitude. For example, the value of MR at 240 K in x= 0.5
is 35.6% which is closer to the MTEP value (= 37.6%). Because of the closeness of MTEP
and MR values, curves for different temperatures have a tendency to merge in x= 0.5. We
also note that MTEP and MR in x= 0.4 and 0.5 attain maximum values at Tc in contrast to
x= 0.0 and 0.1.
Discussion
The major results of the investigation on thermopower are:
(1) Q(T, H = 0) shows a positive peak for x= 0, 0.1 and 0.2. Below the peak
Q(T,0) becomes negative for some temperature range and then gradually decreases
towards zero. The value of Q is anomalously low in the low temperature despite higher
resistivity. The position of the positive peak in Q(T, H=0) does not coincide with the
resistivity peak. In fact, Q(T, 0) shows a peak though (T) does not in x= 0.
(2) The peak value of Q decreases and its position shifts to higher temperature
with increasing strength of magnetic field. The MTEP is close to 99% in x= 0, 0.1, and 0.2
samples at low temperatures. MTEP of 34.5% at 315 K for 0H= 5T occurs for x= 0.5
sample.
(3) Q(T, H=0) becomes increasingly negative for x≥ 0.3 and Q(T) shows a rapid
decrease around TC in these compositions unlike the peak observed for lower x. The effect
of magnetic field is to suppress the rapid increase of Q around Tc.
(4) We find a linear relation between MTEP and MR in all the compositions over a
wide temperature range.
MR, MCE and MTEP in Sm0.7-xLaxSr0.3MnO3
137
The change of sign of Q with increasing La content is intriguing. Q is expected to
be positive for all the compositions in this series since the hole (Mn4+) content, as
determined by the amount of divalent cation (x) is fixed in this series. However, Q
becomes increasingly negative above ~100 K with increasing La content, i.e., increasing
eg-electron bandwidth. This is different from positive value of Q found below Tc in (La1-
xYx)0.63Ca0.33MnO3 [75] and (La0.7-yNdy)Ca0.3MnO3 [76] series with increasing band width
(i.e., decreasing Y or Nd content) although Q becomes negative at temperatures much
higher than Tc (> 400 K) compared to our series. It is to be remembered that Ca based
system, in general, has narrow band width than Sr-based system.
The change in sign of Q with increasing La content in our Sr-based series reflects
change in band structure at the Fermi level. The nature of electrical conduction changes
from hole-like to electron-like with increasing band width. Electronic modification
induced by the cationic size effect connected to the overlapping of the atomic Mn-O
orbitals has been suggested to cause a similar change of sign in thermopower of Pr0.7Ca0.3-
xSrxMnO3 series with increasing Sr doping. [77]
In the low resistive compositions (x>0.3), the applied magnetic field affects the
thermopower only in a narrow temperature region around Tc. The magnetoresistance also
shows a maximum response at Tc in these compositions. Although magnetoresistance in
these polycrystalline compounds do increase with lowering temperature below Tc due to
spin-polarized tunnelling of charge carriers between misaligned ferromagnetic grains,
MTEP does not increase much below Tc. Hence, MTEP and MR around Tc might have a
common origin. The applied magnetic field suppresses spin fluctuations near Tc. As the t2g3
core spins on Mn3+ and Mn4+ ions are progressively aligned along the field direction, it
reduces scattering of eg holes. The resistivity decreases under magnetic field. According to
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where e is the elementary charge of the carrier, and dd is the energy derivative
of resistivity at the Fermi level. Assuming that dd is constant, Q/Q  /In
manganites, magnetoresistance arises not just from the suppression of spin fluctuations
alone but also from the lattice effect.
The analysis of the temperature dependences of resistivity and thermopower
clearly suggests that the charge carriers are small polarons in the paramagnetic state. Small
polarons refer to the doped eg-hole of Mn4+ ions which are trapped by local lattice
distortion due to strong electron-phonon coupling caused by dynamic Jahn-Teller
distortion in the paramagnetic state. The hole thus localized polarizes the surrounding
Mn3+:t2g3 spins resulting in what is known as magnetic polarons. As the temperature is
lowered towards Tc, the density of magnetic polarons increases in the absence of magnetic
field. The applied magnetic field enlarges the size of magnetic polarons and when they
percolate the localized hole move over several Mn3+ ions, which results in colossal
magnetoresistance. In other words, colossal magnetoresistance in ferromagnetic
manganites near Tc is promoted by suppression of magnetic polarons and associated lattice
distortion which delocalizes trapped holes. At the optimum hole doping of 30%, tendency
towards formation of magnetic polarons in the paramagnetic state increases with
decreasing electron band width, i.e., with decreasing size of the rare earth ions (increasing
Sm content in our case). Simultaneous measurement of resistivity and thermopower does
confirm that a peak in Q(T) occurs at a temperature higher than the peak in (T) in x=
0,0.1 and 0.2. The non-coincidence of resistivity and thermopower peaks were noted
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earlier in the zero-field data of LaMnO3+ and La0.7-xYxCa0.3MnO3, but the origin of
discrepancy was not addressed. As shown for x= 0.1, the inverse susceptibility deviates
from the Curie-Weiss law at temperatures much higher than Tc. We propose that small
polarons acquire magnetic character and become magnetic polarons below 200 K in x= 0.1
sample. As the temperature decreases below 200 K towards Tc, the density of magnetic
polarons increase and they start merging to form bigger short range ferromagnetic clusters.
Then, the eg-hole is de-trapped and moves over several Mn ions within these clusters but
outside these clusters, the holes are still trapped. This detrapping of holes causes
thermopower in zero field to decrease leading to a maximum at TQ in Q (T). However, for
electrical conduction in the bulk of the sample to occur, percolating network of these
ferromagnetic clusters has to be established and this occurs at T= Tc< TQ. Thermopower is
small in the ferromagnetic metallic state as expected. With increasing strength of applied
magnetic field, size of non-percolating ferromagnetic clusters above Tc increases causing
detrapping of more and more holes. Hence, the thermopower decreases under magnetic
field even above TC in x= 0, 0.1 and 0.2. Our results suggest that thermopower is sensitive
to short range magnetic order established above Tc in zero external magnetic field.
The change in sign of thermopower with doping content even though the hole content
is same in all the samples indicates a change in band structure at the Fermi level. However,
the sign of thermopower is also determined by the competition between spin entropy and
configuration entropy in the paramagnetic state. Motion of eg hole in the back ground of












kS B (for placing
a hole of spin  1 among sites of spin  0 ) of -19.2 V/K and the configurational entropy
of -120 V/K in  the paramagnetic state and hence it seems that thermopower of
manganites in the paramagnetic state is mostly negative. [70]
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3.4. Conclusion
The important results of this chapter are summarized below.
1. It is found that the insulating Sm0.7Sr0.3MnO3 transforms into
ferromagnetic metal for x= 0.1 and the ferromagnetic Curie temperature increases with
increasing La content. All but x= 0.7 (La only) compounds showed unusual maximum in
the field-cooled magnetization at T= T*, well within the ferromagnetic state. We attribute
this anomaly to 4f-3d antiferromagnetic interaction between the rare earth and transition
metal sublattices.
2. In section 2, we discussed the magnetocaloric properties of SLSMO. The
sign of magnetic entropy (-Sm) was found to be negative below T* (inverse MCE) and
positive above T*. The magnetic entropy change at the Curie temperature is nearly
constant (-Sm= 4.3±0.2 J/kg.K for 0H= 5 T) for all the compositions and the
refrigerant capacity is ~250 J/kg. The tunability of Tc over a wide temperature range with
high values of magnetic entropy change and refrigerant capacity makes this system a
potential candidate for efficient refrigeration over remarkably broad operating
temperatures. Critical exponents associated with the high temperature paramagnetic to
ferromagnetic transition were analyzed for x= 0.6 composition and the obtained values are
in close agreement with mean-field model.
3. In section 3, we discussed the ac transport properties of SLSMO. For x<
0.2 compounds a peak is observed around TC with a frequency-induced splitting to double
peaks in the in-phase component (’) and a sharp dip in the out-of-phase component (’’).
It is suggested that the frequency-induced splitting behavior in ’(T) is possibly originated
from the dispersion in real part of permeability. The double peak behavior disappeared in
higher La- doped compounds (x> 0.2) which is attributed to the decrease in dc resistivity
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with increasing La content. It is found that with increasing frequency of the ac current,
anomalies develop in the ac resistance and the reactance at the Curie temperature and at a
temperature T* much below Tc in zero magnetic field for x> 0.2. The observed anomalies
are suppressed in sub-kilogauss dc magnetic fields leading to a huge ac magnetoresistance
(= 35% in 0H= 300 G). It is suggested that high frequency magnetotransport is
dominated by the temperature, field and frequency dependence of the ac permeability.
Thus, magnetic control of the ac permeability provides an alternative method to enhance
the value of low-field magnetoresistance in manganites.
4. Transverse susceptibility measurements served as an efficient method to
study the temperature dependence of anisotropy in the samples. Specific features were
observed around the ferromagnetic transition and the low temperature anomaly.
5. Thermopower in zero field was found to change sign from positive for x≤
0.2 to negative for x> 0.2. Compositions having positive thermopower show a maximum
at a temperature TQ which is several Kelvins above the ferromagnetic Curie temperature
(Tc) and insulator-metal transition temperature (TIM). On the other hand, TQ coincides with
Tc and TIM in x> 0.2.  Magnetothermopower close to 98% was found in x= 0, 0.1 and 0.2
sample at low temperature while 39 % around room temperature (Tc= 305 K) was found in
x= 0.5 sample. This is the largest value reported in manganite around room temperature.
Magnetothermopower was found to depend linearly on magnetoresistance for low
magnetic fields and in some cases the magnitude of magnetothermopower far exceeds the
magnetoresistance value. We suggested that the band structure at the Fermi level changes
from hole-like to electron-like with increasing Sr content. Thermopower was shown to be
sensitive to short range magnetic order (ferromagnetic clusters) existing above Tc in the
low Tc samples (x≤ 0.2). It was shown that thermopower above Tc in these compositions is
more sensitive to magnetic field than the resistance. It was suggested that the applied
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magnetic field enlarges the size of ferromagnetic clusters close but above Tc and
delocalization of hole causes a large magnetothermopower in the paramagnetic state. This
is the first-observation of magnetothermopower of such a kind and also on a series of
compounds.
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Chapter 4
Electrical, magnetic and magnetothermal properties of
La0.7-xPrxCa0.3MnO3
Abstract
We have studied electrical, magnetic, magnetocaloric and thermoelectric
properties of polycrystalline La0.7-xPrxCa0.3MnO3 (x= 0.0, 0.25, 0.3, 0.35, 0.4, and 0.45)
samples. The paramagnetic (PM)-ferromagnetic (FM) transition in these compounds is
first order in nature in contrast to SLSMO compounds described in the previous chapter.
Electrical resistivity shows a sharp peak at the magnetic phase transition and hysteresis
between cooling and warming, again different from the SLSMO samples. Magnetization
isotherms show a field-induced metamagnetic transition in the paramagnetic (PM) state
unlike in SLSMO. The magnetic entropy change (Sm) was measured using direct and
indirect methods. Sm values are larger than that in SLSMO. We also report the first
measurement of temperature change of the sample accompanying magnetization change.
The thermopower was negative at all measured temperatures and fields for the parent
compound whereas it was found to crossover from negative to positive above Tc for the Pr-
doped sample. Temperature dependence of thermopower also shows hysteresis. A close
correlation between magnetoresistance and magnetothermopower is demonstrated.
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4.1. Introduction
In the previous chapter, we studied a compound which shows a paramagnetic to
ferromagnetic transition of second order nature. In this chapter, we have chosen a
compound which shows a first order PM to FM transition. Since the magnetic order
parameter changes discontinuously at the first order transition, magnetic entropy (Sm) is
expected to be enhanced. Conduction electron bandwidth of Ca-based manganites is in
general narrower than the Sr-based manganites. The compositions x= 0.3-0.33 in the series
La1-xCaxMnO3 show first-order PM to FM transition and large Sm (~ -7.53 J/kg.K for
0H= 5 T). [1] [2] The first-order transition becomes second order and the Sm value
decreases as the eg-electron bandwidth is widened by the partial substitution of Ca2+ by
Sr2+ cation. [3,4] The eg bandwidth is expected to narrow if the smaller cation Pr3+
(average ionic radius <rA>= 1.179 Å) replaces the larger cation La3+ (<rA>= 1.216 Å). [5]
Pr3+ substitution at the La3+ site in La0.7Ca0.3MnO3 is known to  promote charge-orbital
ordering. Hence, it is interesting to know how the MCE is enhancing by narrowing the
bandwidth in La0.7-xPrxCa0.3MnO3 (LPCMO).
While the majority of researchers report Sm estimated from magnetization
isotherms, only very few researchers obtained Sm by both thermal (direct) and magnetic
(indirect) methods, [3,4,6,7] or measured Tad directly. [8] Thus, in addition to the
estimation of Sm from isothermal magnetic measurements, we report calorimetric
investigation of MCE in LPCMO (x= 0, 0.2, 0.25, 0.3, and 0.4) series for the first-time.
Although there are few studies on thermopower under zero-field in bulk polycrystalline
and thin films of La0.7Ca0.3MnO3, [9] La0.7Ca0.3-xAgxMnO3, [10] and La0.7-xD0.3MnO3 (D =
Y [11] and Nd [12]), there has been no report of thermopower and magnetothermopower I
n LPCMO so far.
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4.2. Experimental details
Figure 4.1: Steps involved in sample synthesis
Figure 4.2: Sample characterization techniques for LPCMO.
4.3. Results
4.3.1. Structural characterization
XRD analysis has been carried out on all samples of LPCMO at room temperature
(x= 0, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.45) and refined using Rietveld method. Figure 4.3
shows the XRD patterns with refined fits for x= 0, 0.2, 0.3, and 0.4 which indicates the
existence of the samples in single phase orthorhombic structure (space group, Pnma). The
prominent peaks in the XRD pattern are indexed by its crystallographic planes in
accordance with CIF files, ICSD-51161. [13] The incorporation of Pr causes a smooth
decrease in the unit cell volume with increasing x because of the fact that the ionic radius
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of Pr3+ (rPr3+= 1.179 Å) ion is slightly lower than that of La3+ ion (rLa3+= 1.216 Å) for 9-
coordination.





















Figure 4.3: X-ray diffraction patterns with Rietveld refinement for x= 0, 0.2, 0.3 and
0.4 samples of LPCMO.
4.3.2. Magnetization and DC resistivity
Figure 4.4 shows the temperature dependence of dc magnetization, M(T), for
selected samples of LPCMO (x= 0, 0.2, 0.3, and 0.4) measured under 0H= 0.1 T. All the
samples undergo PM to FM transition which is first-order in nature as suggested by the
hysteresis between cooling and warming cycles. The width of the hysteresis increases with
x and it is well pronounced in x= 0.4. The Tc determined from the inflection point of the
dM(T)/dT curve is 252 K during cooling and 257 K during warming for x= 0. With
increasing x, the M value at T= 10 K decreases and the Tc shifts toward lower temperature.
The observed values of Tc are 222, 186, 135 K during cooling and 229, 193, 158 K during
warming for x= 0.2, 0.3, 0.4 respectively. The inset of Figure 4.4 shows the temperature
dependence of the inverse susceptibility, -1(T), for the same compounds (open symbols)
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along with their corresponding Curie-Weiss (C-W) linear fits [1/= (T-/C, where C is
the Curie constant] (solid lines). The C-W linear fit is performed in the temperature range
310–400 K for all compounds. It shows a strong deviation from the -1(T) data far above
Tc for all x and the deviation (Tc- increases with increasing x. We have calculated
effective magnetic moment using the relation, 2eff 03 /B BP k C N  and it increases
from 6.04B for x= 0 to 6.21B for x= 0.4. This is much larger than that calculated from
theory (Peff= 3.7 and 4.27 B for x= 0 and 0.4, respectively) considering moments of Mn
and Pr ions. This discrepancy could be due to the presence of short-range ferromagnetic
correlations in the paramagnetic state. Presence of short range charge-ordering can also
cause 1/ to deviate from the C-W law.


































Figure 4.4: Temperature dependence of magnetisation (M) under 0H= 0.1 T in FC
and FW modes for x= 0, 0.2, 0.3 and 0.4. Inset shows the temperature dependence of
the inverse susceptibility (open symbol) along with their Curie-Weiss fit (solid line)
for the same samples.
Now let us see the behavior of resistivity in these samples.





























































































Figure 4.5: Temperature dependence of the dc resistivity under 0H= 0, 1, 3 and 5 T
in cooling and warming modes for x= (a) 0, (b) 0.2, (c) 0.3 and (d) 0.4. Corresponding
insets show the T-dependence of the calculated MR at different fields.
Figure 4.5 shows the temperature dependence of dc resistivity, (T), for same
samples of LPCMO (x= 0, 0.2, 0.3, and 0.4) measured under different magnetic fields. For
x= 0 sample under zero magnetic field, a prominent insulator to metal (I-M) transition
accompanied by a peak in (T) occurs around 260 K while cooling and the peak shifts to
263 K while warming. Though the resistivity peaks, while cooling and warming, do not
match with the Tc’s (252 and 257 K, respectively) in zero magnetic field, the rapid
increase in M(T) while cooling is found to start around 260 K. The first-order nature is
further evident from the hysteresis of the I-M transition. The width of the hysteresis
increases with x and it is well pronounced in x= 0.4. The magnitude of the resistivity peak
drastically reduces under the magnetic field and the peak position (TP) shifts upward in
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temperature with increasing H. For instance, the peak shifts from 260 K at 0 T to 304 K at
5 T for x= 0 sample. The insets show the temperature dependence of magnetoresistance
(MR) under 0H= 1, 3 and 5 T for the respective samples. The MR shows a peak at the Tc
and has an increasing trend with increasing x. For x= 0.4, the MR peak reaches a
magnitude of ~99% for 0H= 5 T.




























Figure 4.6: Magnetic field (H) dependence of magnetoresistance (MR) at different
temperatures (a) above 150 K and (b) below 150 K for x= 0.4.
The field dependence of MR at temperatures above and below 150 K is shown in
Figure 4.6(a) and (b), respectively. At T= 175 K, the MR for 0H> 2 T reaches as high as
99%. While MR for T >150 K smoothly increases with H and is completely reversible with
no hysteresis, MR for 150 K≥ T> 50 K shows an irreversible behavior between the initial
field sweep (0+5 T, virgin curve) and subsequent field sweeps (+5 T  -5 T  +5 T).
The MR is large in the virgin sweep than in the subsequent sweeps. Note that the
irreversibility of MR is more pronounced in the temperature region (T~ 100-150 K), where
 versus T curve shows a pronounced hysteresis (see Figure 4.5(d)). Figure 4.6(b) shows
that the irreversibility decreases with decreasing temperature below 150 K, and is very less
at 50 K.
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4.3.3. Magnetocaloric properties
We have estimated the magnetic entropy change (Sm) in LPCMO (x= 0, 0.2,
0.25, 0.3, and 0.4) series by magnetic and calorimetric methods which are discussed
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Figure 4.7 : M-H isotherms for x= (a) 0, (b) 0.2, (c) 0.3, and (d) 0.4. Magnetic entropy
change (Sm) as a function of temperature for x= (e) 0, (f) 0.2, (g) 0.3, and (h) 0.4 for
different H. Inset of (e) shows the RC (left scale) and Smax on (right scale) for
0H=5 T.
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Figure 4.7(a)–(d) show the M-H isotherms for x= 0, 0.2, 0.3, and 0.4. The
neighboring M(H) curves for all the samples differ by 5 K except for x= 0.4 where it is
shown for 10 K interval for clarity. All the compositions show a typical FM behavior
below Tc and PM behavior at temperatures away from Tc. Interestingly, an S-shaped
magnetization (i.e. gradual increase in magnetization at lower fields, followed by a rapid
increase above a certain critical field (HC) and approach to saturation at higher fields)
appears over a certain temperature range above Tc, for all samples. This indicates a field-
induced metamagnetic transition (FIMMT) in the PM state of the sample. The onset of this
transition (HC) shifts toward low field as T decreases toward Tc. The M-H isotherms show
negligible hysteresis while increasing and decreasing the field in the PM state for x≤ 0.3
but considerable hysteresis is observed for x=0.4. The M-H curves for x= 0.4 sample
shows pronounced irreversible behavior below 100 K (< Tc). The M(H) increases rapidly
at low fields (0H< 0.2 T) and shows a metamagnetic transition at a higher field. However,
it shows a ferromagnetic behavior while decreasing the magnetic field, which was retained
for the reverse field sweep (0H=0 to -5 T) and again increasing the field from -5 T to +5
T (not shown here). To erase the previous magnetic history in this composition, the sample
was warmed up to 250 K and cooled in zero field to a desired temperature (T< Tc) each
time before the M-H loop was recorded.
Figure 4.7(e)–(f) show Sm vs T for x= 0, 0.2, 0.3, and 0.4. For all samples, the
Sm is negative in the entire temperature range for all H values. For x= 0, the -Sm shows a
peak of magnitude 4.3 J/kg.K at T= 253 K (~Tc) for 0H= 1 T and it decreases
symmetrically on either side. As H increases, -Sm increases in magnitude and the peak
shifts toward higher temperature. The highest value of -Sm= 8.23 J/kg.K is found at T=
257 K for 0H= 5 T. It is to be noted that the temperature profile of -Sm is asymmetrical
about the peak position at higher fields (0H≥ 3 T). The -Sm vs T of x= 0.2 and 0.3
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samples are similar to that of x= 0, but the maximum value of -Sm (i.e., -Smax for
0H=5 T) decreases to 8.1 and 7 J/kg.K for x= 0.2 and 0.3, respectively. In x= 0.4, -Sm
shows a peak at T= 153 K for 0H= 1 T, whereas a shoulder and a peak of different
magnitudes appear for 0H≥ 3 T. With increasing H, the magnitude of both peak and
shoulder increase and the peak position shifts to higher temperature. The maximum value
of -Sm is 5.38 J/kg.K at T= 189 K for 0H= 5 T. Refrigerant capacity (RC) was also
calculated to determine the efficiency of cooling. From the inset of Figure 4.7(e)-(h), it is
inferred that -Sm decreases and RC increases with increasing x (RC= 197, 215, 240, and
259 J/kg for x= 0, 0.2, 0.3, and 0.4, respectively).
Calorimetric method




























































Figure 4.8: Magnetic field dependence of (a) DSC signal (dQ/dH) and (b)
temperature change (T) of the sample at selected temperatures for x= 0.3. Inset of
(a) compares S values measured by DSC and calculated by Maxwell’s equation.
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We show the calorimetric and thermal analysis data of x= 0.3. Figure 4.8(a) shows
the magnetic field dependence of the DSC signal (dQ/dH) at selected temperatures
between 180 and 235 K. While sweeping magnetic field from 0 to 7 T at a given
temperature, dQ/dH shows a peak. As T increases, the peak initially increases in
magnitude, reaches a maximum value of 0.66 J/T at T= 200 K and then decreases. The
peak is due to balance between the heats that are generated in the sample and dissipated to
the surrounding and its positive sign indicates release of heat from the sample upon
increasing H. The position of the peak closely agrees with the critical field of
metamagnetic transition obtained from M-H data. While decreasing H from 7 to 0 T, the
dQ/dH shows a negative peak at a field lower than the field corresponding to the positive
peak during increasing H. This confirms the first-order nature of the phase transition
driven by the field. The -Sm is estimated from the dQ/dH vs H curves and is found to be
7.2 J/kg.K for -H= 5 T, which closely agrees with that estimated from M-H isotherms.
Interestingly, the temperature profile of -Sm also follows same trend for both
measurements.
Figure 4.8(b) shows the temperature lag (T) of the sample as a function of H at
selected temperatures for x= 0.3 measured using the DTA setup. Note that the measured
temperature change is not the adiabatic temperature change (∆Tad). The ∆T is related to the
∆Tad as ∆T= (∆Tad /Ceff) γ(T−T0) ∆H, where γ is a thermal coupling parameter between the
sample and the environment, T0 is the temperature of the environment  and Ceff is a
correction factor to account for the effective heat capacity of the sample holder [8].
Interestingly, the T versus H curves at a given temperature behave similar to dQ/dH
versus H curve in Figure 4.8(a). At all temperatures, these curves behave similar to dQ/dH
versus H curves, i.e. the ΔT at a given temperature increases initially, shows a maximum
and then decreases with increasing/decreasing the magnetic field. The maximum in ΔT
results from the balance between heat released from the sample and heat dissipated to the
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surrounding. The peak position of T at a given temperature occurs at a higher (lower)
field than that of dQ/dH while increasing (decreasing) the magnetic field. The T shows a
maximum value of 268 mK at T= 200 K while increasing the field from 0 to 7 T and 259
mK while decreasing the field from 7 to 0 T which is larger than ΔT= 80 mK observed in
La5/8-yPryCa3/8MnO3 sample [8]. The ΔT is expected to be large and approach adiabatic
limit if the field sweep is faster (~ 2 T /sec) and the vacuum is very good. The maximum
field sweep rate is limited to 98 Oe/sec and the pressure is 10 torr in our superconducting
cryostat.






























Figure 4.9: (a) Temperature lag (T) of the sample as a function of magnetic field at
T= 170, 210 K for the full cycle (0 +7 -7 +7 T) (b) Temperature dependence
of T under oH= 0, 3 and 5 T during cooling and warming for x= 0.3 sample.
Figure 4.9(a) shows T versus H at T= 170 and 210 K for the full cycle (0  +7
 -7  +7 T). At 210 K, as the field increases from 0 T, T increases rapidly, shows a
peak of magnitude 256 mK at oH= 2.8 T and then approaches zero above 5 T. While
decreasing the magnetic field from +7 T to 0 T, T shows a negative peak of magnitude
233 mK at oH= 2.2 T. The field sweep in the negative cycle (0 T -7 T 0 T) results in
a nearly symmetrical loop in T. As H increases further from 0 to 7 T after completing the
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negative field sweep, the T reproduces behaviour identical to the virgin curve. Figure
4.9(b) shows the temperature dependence of T under oH= 0, 3, and 5 T during cooling
and warming. Upon cooling, T decreases gradually, shows a peak around 186 K (= Tc)
and then decreases smoothly. A negative peak around the Tc (=192 K) is also observed
during warming. This peak shifts toward high temperature and get gradually suppressed
with increasing H. This confirms the occurrence of exothermic and endothermic processes
while cooling and warming, respectively.
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Figure 4.10: Temperature dependence of the magnetic entropy change (Sm) for all
the compositions (x) measured using DSC for a field change of 0H= 5 T. The
arrows represent Tc determined from dc magnetization under 0H= 0.1 T.
Figure 4.10 compares the Sm values for 0H= 5 T obtained from the DSC data
for all the compositions investigated. The x= 0 sample shows a maximum value (Sm=
8.15 J/kg.K) in the series followed by Sm= 7.27, 6.92, 6.41 J/kg.K for x= 0.25, 0.3, and
0.4 respectively. The Sm peak occurs at the respective Tc’s for each sample in a field of
0H= 5 T. The downward arrows indicate the Tc determined from M(T) data under 0H=
0.1 T. The discrepancy between Tc and the peak position of Sm is due to the fact that Tc
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itself shifts up with increasing H due to the first-order nature of the paramagnetic-
ferromagnetic transition. It is be to noted that Sm decreases rapidly below its peak value
in x= 0 compared to other compositions. The spread of Sm over a wide temperature range
can enhance magnetic refrigeration capacity.
The M-H curves in our polycrystalline compound exhibit much smaller hysteresis,
which is preferred for magnetic refrigeration compared to single crystals of Sm-based
manganites that show a sharp metamagnetic transition but with pronounced hysteresis.
[14] A comparison of the maximum Sm (|Sm max|) obtained from the present work and
other manganites with Tc in the range of 100-350 K is given in Table 4.1.
Material Tc (K) Hmax (T) |Sm max| (J/kg.K) Reference
La0.67Ca0.33MnO3 250 5 2.1 15
La0.215Pr0.41Ca0.375MnO3 210 5 5.3 16
La0.7Ca0.3MnO3 252 5 8.15 This work
La0.45Pr0.25Ca0.3MnO3 199 5 7.27 This work
La0.4Pr0.3Ca0.3MnO3 186 5 6.92 This work
La0.3Pr0.4Ca0.3MnO3 146 5 6.41 This work
La0.2Pr0. 5Ca0.3MnO3 110 4 4.3 17
La0.67Ba0.33MnO3 295 5 1.3 15
La0.67Sr0.33MnO3 345 5 1.7 15
La0.67Ca0.33MnO3 258 3 2.6 18
La0.6Y0.07Ca0.33MnO3 230 3 1.5 18
La2/3Ca1/3MnO3 267 3 6.4 19
La0.6Ca0.4MnO3 263 3 5 19
La0.67Sr0.33Mn0.9Cr0.1O3 328 5 5.1 20
La0.65Bi0.05Sr0.3MnO3 353 5 5.02 21
Table 4.1: Maximum entropy change |Sm max| for different manganites.
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It is to be noted that the mentioned value of Sm in our compounds are based on
calorimetric study, whereas the Sm values taken from other reports are from
magnetization studies. The substantial value of Sm over a wide composition range and
varying Tc in LPCMO is noteworthy.
Discussion
The observed behaviours of dQ/dH and ∆T confirm the first-order nature of the
field-driven metamagnetic transition (FIMMT) occurring in the paramagnetic state, which
is responsible for the large magnetic entropy change observed. What is unusual about the
paramagnetic state? The deviation of the inverse susceptibility 1/ much above Tc found in
our sample suggests the possibility of short-range magnetic correlations in the
paramagnetic state. The short-range magnetic correlations in this compound can have two
possible origins. One such origin is the presence of ferromagnetic clusters of a few
nanometer sizes. Another possible origin is the presence of short range charge-orbital
ordered clusters or structural distortions. Indeed, De Teresa et al. [22] have shown a strong
deviation of 1/ from linearity starting from T= 1.8 Tc in (La1-xYx)2/ 3Ca1/3MnO3 (x= 0,
0.07). Small angle neutron scattering measurements on this sample clearly evidenced the
presence of ferromagnetic clusters of ~1.2 nm size. As Tc was approached from higher
temperatures, the number of clusters increased rapidly. These ferromagnetic clusters were
proposed to consist of two Mn3+ and one Mn4+ ions within which charges are itinerant.
Surprisingly, the thermal expansion also showed a strong deviation from Grüneisen
anharmonic phonon contribution behavior at a temperature T=1.8 Tc. It was suggested that
the charge carriers are indeed magnetic polarons (i.e., ferromagnetic clusters and
associated lattice distortions). However, a deviation of the inverse susceptibility from
linearity was also observed in Sm0.65Sr0.45MnO3, in which the presence of ferromagnetic
polarons as well as short-range charge-ordered clusters were detected by small angle
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neutron scattering and x-ray diffusive scattering, respectively. [23,24] In recent years,
inverse susceptibility behavior similar to what we have reported here are also found in a
wide range of materials, including manganites, [25,26] intermetallic compounds such as
R5(SixGe1-x)4, [27] and magnetic semiconductors, [28] and it has been discussed in terms of
Griffiths-like phase. Griffiths-like phase refers to the pre-formation of ferromagnetically
ordered nanometric clusters at some well-defined temperature T*, much above the true
long range ferromagnetic ordering temperature (Tc). Interestingly, Monte-Carlo simulation
studies by Dagotto and collaborators predict that the presence of quenched disorder (such
as variation in the internal strain due to difference in the size of La and Pr cations) can lead
to the formation of nanometric clusters at a temperature T*> Tc, similar to Burn’s
temperature in relaxor ferroelectrics. [29]
While the pre-formation of nanometric FM clusters above Tc is possible, we may
have to consider the other possibility too. Since the end compounds of the present sample
are charge ordered antiferromagnetic insulator (Pr0.7Ca0.3MnO3) and ferromagnetic metal
(La0.7Ca0.3MnO3), we can anticipate the coexistence of short-range charge-orbital-ordered
(COO) and ferromagnetic clusters above Tc in our sample. Such nanoscale phase
separation can lead to the deviation of 1/ from linearity and a colossal magnetoresistance
near and above Tc. The FM clusters above Tc are non-interacting in zero field. As H is
increased, at a temperature T> Tc, but T<T*, the charge ordered clusters transform into
ferromagnetic domains. As a result, the nano-sized FM clusters, which were non-
interacting in zero magnetic field, coalesce with ferromagnetic-turned charge ordered
clusters. Hence, the volume fraction of the FM phase increases abruptly above a critical
value of magnetic field, and this leads to the observed field-induced metamagnetic
transitions. As a consequence of the increase in the phase fraction of the FM phases, the
magnetic entropy also increases. The presence of both charge-ordered and ferromagnetic
nanoclusters in the PM state in zero field and their dynamics under the magnetic field are
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also responsible for the observed irreversibility of the magnetoresistance in the initial and
subsequent field sweeps. During the initial field sweep, melting of charge ordered clusters
and their transformation into ferromagnetic phase leads to a large decrease in the
resistivity. While decreasing field, the back conversion of FM phase into charge ordered
clusters is more sluggish, giving rise to a hysteresis and irreversibility. As a result, only a
fraction of the ferromagnetic phase transforms back into charge ordered clusters, which
results in lower resistivity in the field sweep from 0H= 5 to 0 T than in the initial field
sweep (0H= 0 to 5 T). Such hysteresis in magnetoresistance was also found in manganites
as well as intermetallic alloys, and it has been explained in terms of kinetic arrest of phase
transformation. [30,31] The irreversibility is pronounced in the temperature range where
both COO and FM clusters coexist as metastable phases in zero field. For T< Tc, FM phase
becomes a stable phase and COO phase most likely vanishes, and, hence, we do not find
irreversibility in magnetoresistance.
Similar FIMMT just above Tc is also found in other giant magnetocaloric
compounds such as Gd5Si2Ge2, [32] Fe-doped MnAs [33,34]. These compounds are
metallic in the paramagnetic state in contrast to our sample which is semiconducting.
Magnetic field- induced changes in density of states was proposed as a mechanism of the
field induced metamagnetic transition in the itinerant electron system La(FeSi)13. In our
manganite sample, the microscopic mechanism may be different. The paramagnetic to
ferromagnetic transition in the parent compound La0.7Ca0.3MnO3 in zero or weak external
magnetic field was shown to be accompanied by an abrupt decrease of volume without a
change in crystal symmetry [22]. It was also found that thermal expansion of the lattice
deviates from the usual anharmonic contribution (Grüneisen law) at a temperature as high
as 1.8 Tc and this extra contribution to the lattice is spontaneously suppressed at Tc. Its
origin was attributed to the formation of lattice polarons with ferromagnetic character,
known as magnetic polarons. Small angle neutron scattering experiment confirmed the
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existence of magnetic polarons of size 10-20 Å in the paramagnetic state (T= 1.8 Tc).
These magnetic polarons are non-interacting in zero or small external magnetic field. As H
increases at a fixed temperature close but above Tc, magnetic polarons start to interact.
Above a critical value of the magnetic field, magnetic polarons grow in size and merge to
form bigger ferromagnetic clusters. As a result, magnetization increases rapidly above a
critical value of H, i.e. M shows a field- induced metamagnetic transition. This transition is
reversible upon reducing the field to zero and M-H curve exhibits only a small hysteresis.
The destruction of magnetic polarons also leads to delocalization of eg electron and
decrease in lattice volume (negative magnetovolume effect). [23] Thus, the observed
entropy change is most likely due to combination of magnetic entropy (Sm) and structural
entropy (Ss).
Figure 4.11: (a) Magnetisation (m) and (b) Entropy (s) as a function of temperature
for several magnetic fields in a first order transition [35]. is a dimensionless
parameter which depends on the exchange forces and thermal expansion coefficient.
Recently, V. Basso extended the Bean-Rodbell model of first-order transition to
study the magnetocaloric effect at the first-order magneto-elastic phase transition. [35]
Using a thermodynamic model, he showed that the sign and amplitude of the structural
contribution to the total entropy (S) are determined by the dimensionless parameter,
0p T   which depends on β, the steepness of the exchange forces with volume, and
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p, the thermal expansion coefficient of the lattice. If  < 0, the structural and the magnetic
entropy changes have the same sign, leading to a giant magnetocaloric effect.
The eg-electron bandwidth narrows with the substitution of smaller Pr3+ ions for
bigger La3+ ions. The decrease in bandwidth promotes eg-electron localization and even
leads to ordering of electrons and holes in the paramagnetic state for higher Pr content.
Pr0.7Ca0.3MnO3 is charge and orbital ordered below 180 K and antiferromagnetic below
140 K. [36] When a magnetic field is applied in the paramagnetic state, the charge-ordered
clusters melt and change to ferromagnetic clusters. However, a field higher than that
required to collapse magnetic polarons. Independent confirmation of charge-ordered
nanoclusters by other techniques such as high resolution electron microscopy or neutron
scattering is essential to understand the contribution of charge-ordered nanoclusters to the
observed metamagnetic transition in the compositions studied.
4.3.4. Thermoelectric power
Figure 4.12(a) shows the T-dependence of thermopower (Q) under 0H= 0 and 5 T
for the parent compound. At high temperatures, Q is negative with magnitude nearly equal
to 12 V/K. With decreasing temperature, the magnitude of Q shows a linear decrease and
it changes to a more rapid decrease around 257 K (Tc). Q decreases to minimum value
around 160 K and remains nearly zero with further cooling. Under a magnetic field of
oH= 5 T, the change in slope around Tc shifts to higher temperature in accordance with
the shift in resistivity peak under same field as shown in Figure 4.12(b). Q remains
negative throughout the measured temperature range with and without field. The
magnetothermopower (MTEP) is calculated and shown in the inset of Figure 4.12(a).
MTEP is zero at temperatures away from Tc and shows a maximum of 26% around 256 K
(~Tc). The inset of Figure 4.12(b) shows the magnetoresistance under 5 T which also
shows a maximum around Tc with magnitude 76%.



















































Figure 4.12: Temperature dependence of (a) thermopower (Q) and (b) resistivity ()
under oH= 0 and 5 T for x= 0 compound. Insets show the T-dependence of
magnetothermopower and magnetoresistance under oH= 0 and 5 T.
Now, let us see the effect of Pr doping on the behaviour of thermopower in the
compound. We have chosen the compound x= 0.25 for thermopower studies.
Figure 4.13(a) shows the temperature dependence of the dc magnetization, M(T),
measured under a magnetic field, 0H= 0.1 T for x= 0.25 sample.










































Figure 4.13: Temperature dependence of (a) magnetization (M) (b) resistivity () and
(c) thermopower (Q) under oH= 0, 1, 2, 3 and 5 T for x= 0.25 compound.
The sample shows paramagnetic to ferromagnetic transition with Curie
temperature (Tc) of 206 K. Figure 4.13(b) shows the temperature dependence of dc
resistivity, (T), at different magnetic fields, 0H= 0, 1, 3 and 5 T. (T) undergoes a
temperature driven insulator-metal transition with a peak in resistivity at TP ~ 208 K
(slightly above Tc). With increasing strength of the magnetic field, TP shifts to higher
temperature and the magnitude of the dc resistivity decreases. Figure 4.13(c) shows the T-
dependence of thermopower (Q) under 0H= 0, 1, 2, 3 and 5 T. Unlike the undoped
sample, x= 0.25 sample shows a change in sign with decreasing temperature. Q is negative
at high temperatures and changes to positive with decreasing temperature to reach a
maximum (Q= +7.4 V/K for 0H= 0 T) at Tc and then suddenly drops to small negative
values below Tc. As like the resistivity, the peak shifts to higher temperatures and much
lower magnitudes with increasing field. With increasing field, the range of positive Q
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Figure 4.14: Field dependence of (a) resistivity () and (c) thermopower (Q) for
different temperatures for x= 0.25 compound.
We have also studied the field dependence of Q and  at selected temperatures (T=
205- 270 K).The field (H) dependences of resistivity () and thermopower (Q) at selected
temperatures above Tc are shown in Figure 4.14(a) and (b) respectively. At temperatures
close to Tc (say 210 K), the application of magnetic field causes a sharp drop in values of
both and Q and a change of sign from positive to negative in Q in the field range 0≤
0H≤ 1 T. As we move away from Tc, we observe a minimal effect of field in both and
Q. For temperature away from Tc (T≥ 250 K), Q is negative throughout the measured field
range.
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Figure 4.15: Magnetothermopower (MTEP) vs magnetoresistance (MR) at different
temperatures.
We have plotted the MTEP against MR at selected temperatures above Tc from
0H= 0 to 5 T in Figure 4.15 to seek correlation between these two properties. The plots
show a linear behaviour in general at low fields (0H< 3 T). They show deviation from
linearity at temperatures closer to Tc and at high fields. As like for the SLSMO, the link
between these two properties is most likely related to the magnetization dependence of the
resistivity and magnetic entropy.
4.3.5. Conclusion
We have investigated the electrical, magnetic and thermal transport in La0.7-
xPrxCa0.3MnO3 series for compositions x= 0, 0.2, 0.25, 0.3 and 0.4.
1. The samples showed a first order paramagnetic to ferromagnetic transition
around their respective Curie temperatures accompanied by insulator-metal transition.
The Curie temperature shifts down with increasing Pr content. The width of hysteresis in
magnetization and resistivity increases with Pr content.
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2. Magnetic entropy change in LPCMO (x= 0, 0.2, 0.3 and 0.4) samples
were studied using direct (changes in temperature and latent heat) and indirect
(magnetization isotherms) methods. Latent heat during the field-induced metamagnetic
transition in x= 0.3 was measured using a differential scanning calorimeter and the
magnetic entropy was directly estimated from the latent heat. We have also monitored
the temperature change of the sample during magnetic field sweep at fixed temperatures
as well as varying temperatures at a constant magnetic field in x= 0.3 with a differential
thermal analyzer.
3. The studied compounds show Sm values larger than found in SLSMO
series. The observed large magnetic entropy in these compounds is due to the field-
induced metamagnetic transition in the paramagnetic state. The metamagnetic transition
is suggested to collapse of magnetic polarons and enlargement of the ferromagnetic
volume phase fraction in the paramagnetic state. Role of magneto-elastic interaction was
emphasized.
4. We have investigated thermopower in La0.7Ca0.3MnO3 and
La0.45Pr0.25Ca0.3MnO3 samples. The thermopower was negative at all measured
temperatures and fields for the parent compound whereas it was found to crossover from
negative to positive above Tc for the Pr-doped sample. As like the resistivity, the peak in
thermopower also decreases in magnitude and shifts to high temperature with increasing
strength of magnetic field. Magnetothermopower show linear dependence on
magnetoresistance as like in SLSMO although the phase transition is first-order in
LPCMO.
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Chapter 5
Electrical and thermal transport in Pr0.5-xBixSr0.5CoO3
Abstract
We discuss the electrical, magnetic and thermal properties of Bi-doped
Pr0.5Sr0.5CoO3. The compounds exhibit a paramagnetic to ferromagnetic transition at their
respective Curie temperatures (Tc) which shift down gradually with increasing Bi content.
A second magnetic transition occurs at TA= 110 K below Tc which persists up to the
highest Bi content studied. The undoped and low-doped (x≤ 0.02) samples showed a
metal-insulator transition around the Tc. All higher dopings are insulating over the whole
measured temperature range with magnitude of resistivity increasing with increasing Bi
content. Interestingly, the resistivity does not show any feature around TA in any of the
samples. However, both the features at Tc and TA are observed in the rf transverse
susceptibility measurements on the parent sample. The temperature dependence of
thermopower showed a change in slope around Tc for all samples and its sign changes with
doping and change in temperature. The parent compound showed a change in slope around
TA also but no such feature is present in any of the Bi-doped samples.
5.1. Introduction
In the previous chapters, we discussed the multifunctional properties of few selected
Mn-based oxides. Cobaltites (Co-based perovskites) are yet another group of transition
metal oxides which have many exciting properties similar to manganites, but yet less
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thoroughly investigated than manganites. As like LaMnO3, insulating LaCoO3 transforms
into a ferromagnetic metal upon hole doping which is achieved by partial replacement of
trivalent La by divalent alkaline earth cation such as Sr, Ca and Ba. However, LaCoO3 is
non-magnetic (in fact, diamagnetic below 100 K) in contrast to LaMnO3 which is
antiferromagnetic. In La1-xSrxCoO3, compositions 0.2≤ x≤ 0.5 are long range metallic
ferromagnets [1], whereas compounds 0.07< x< 0.20 are cluster glass insulators and spin
glass-like behaviour is proposed for lower compositions. [2] The observation of giant
magnetoresistance varying from ~ 70% for x= 0.09 to < 10% for x= 0.5 in La1-xSrxCoO3
series attracted renewed interest in cobaltites following the footstep of manganites. [3,4,5]
Until today, cobaltite remains the only system which shows magnetoresistance comparable
to manganites in the perovskite oxide family. A closely related 4d-ferromagnetic oxide
SrRuO3 shows only 5% MR under 0H= 5 T.
Following the studies of lattice effect on physical properties of manganites, few
researchers investigated the effect of average ionic radius of A-site cations/A-site disorder
or tolerance factor on the magnetic and electrical properties of cobaltites (R1-xDxCoO3, R =
La, Pr, Nd, Gd; D = Sr, Ca, Ba). [6,7] The ferromagnetic Curie temperature was found to
decrease with increasing A-site disorder as in manganites. In La0.67-xGdxSr0.33CoO3 series,
the rare earth ion Gd was reported to remain paramagnetic down to low temperature. [7]
On the other hand, the members of Nd1-xSrxCoO3 and Pr1-xSrxCoO3 series show very
exciting magnetic properties that were not found for other rare earth ions. Magnetization
data on Nd1-xSrxCoO3 for 0.3≤ x≤ 0.5 indicate that rare earth (Nd) moment ordering is
induced at low temperature (30 K≤ TFerri≤ 70 K) by the exchange field of Co sublattice
which order ferromagnetically at high temperature (Tc= 140 K-220 K) [8,9,10]. Field-
cooled magnetization of these samples shows a maximum around TFerri which is much
below Tc. [11] This implies ferrimagnetic coupling between the rare earth and transition
metal ion sublattice and it was verified for x= 0.3 sample. On the other hand, field-cooled
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magnetization of Pr1-xSrxCoO3 for 0.38≤ x≤ 0.55 show an abrupt increase at temperature
T= TA, much below the ferromagnetic Curie transition of the Co-sublattice. [12] This
unusual behavior of magnetization was first discovered in Pr0.5Sr0.5CoO3. [13,14]
































Figure 5.1: Magnetization M(T) curves for Pr1-xSrxCoO3 under 0H= 0.1 T. Inset
shows the constructed phase diagram for PSCO for 0.1≤ x≤ 0.5.
Figure 5.1 illustrates the field-cooled magnetization curves for Pr1-xSrxCoO3 (PSCO)
(x= 0 to 0.5) under a magnetic field of 0H= 0.1 T. Inset shows the phase diagram of Curie
temperature (Tc) versus composition x. Substitution of Sr for Pr in PrCoO3 leads to
ferromagnetic transitions for x> 0 and Tc is found to increase with increasing the Sr
content (x). A second magnetic transition is observed for the x= 0.5 composition at a
temperature TA~120 K. It showed an anomalous decrease of magnetization around TA
much below the ferromagnetic transition (Tc= 230 K) when cooled in low dc magnetic
fields (0H≤ 200 G) which changes to upward jump at higher fields. [14] Specific heat as
well as thermal expansion [15] showed anomaly at TA. Lorentz microcopy study [16]
suggested a change in magnetic domain structure at TS and neutron diffraction indicated an
anomalous change in magnetocrystalline anisotropy constant around the same temperature.
[12] Balagurov et al. [17] reported transition from orthorhombic to triclinic structure
across TS while cooling.
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Our aim is to study the effect of non-rare earth ion (Bi) doping on the magnetic,
electrical and thermal transport properties of Pr0.5-xBixSr0.5CoO3 (PBSCO) with x= 0, 0.02,
0.05, 0.07 and 0.10. In particular, we would like to know how the ferromagnetic and low
temperature magnetic phase transitions are affected by the A-site doping. As the average
ionic radius of Bi ion (1.18 Å) is nearly equal to that of Pr (1.179 Å), a change in
bandwidth is not expected. However, the presence of 6s2-lone pair of electrons in Bi is
known to cause interesting effects on the ferroelectric properties of BiMnO3, BiFeO3, etc.
To our knowledge, there have been no reports on the magnetic, electrical or thermal
transport in Bi-substituted Pr0.5Sr0.5CoO3.
5.2. Experimental details
Figure 5.2: Steps involved in sample synthesis.
Figure 5.3: Sample characterization techniques for PBSCO.
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5.3. Results and discussions
5.3.1. Structural characterization






























Figure 5.4: X-ray diffraction patterns of Pr0.5-xBixSr0.5CoO3 (x = 0, 0.05 and 0.10)
compounds at room temperature. The red lines show the Rietveld refined fits to the
actual patterns and the Bragg reflection positions are indicated at the bottom of the
patterns.
Figure 5.4 shows the XRD patterns of PBSCO (x= 0.0, 0.05 and 0.10) compounds at room
temperature which indicate that all the samples are single phase. The structure refinement
by Rietveld method suggests that all the compositions belong to monoclinic structure
(space group, P121/n1). The prominent peaks in the XRD pattern are indexed by its
crystallographic planes and represented by miller indices (hkl) in accordance with CIF file-
88743. [13] The variation of unit cell parameters as a function of composition is shown in
Table 5.1. The lattice parameters and therefore, the unit cell volume are found to increase
gradually with increasing Bi doping. Since the average ionic radius of Bi3+ ion is nearly
equal to that of Pr3+ ion, any influence on the properties of PSCO due to Bi doping is
expected be due to the presence of lone pair of electrons in Bi rather than change in A-site
ionic radius.
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Composition (x) a (Å) b (Å) c (Å) °
0 5.3521 5.3711 7.6578 90.21
0.02 5.3786 5.3979 7.6552 90.28
0.05 5.3815 5.4005 7.6528 90.33
0.07 5.3883 5.4039 7.6514 90.41
0.10 5.3941 5.4084 7.6502 90.48
Table 5.1: Unit cell parameters obtained from Rietveld refinement.
5.3.2. DC magnetization and DC resistivity















Figure 5.5: Temperature dependence of magnetization (M) for x= 0 under 0H = 0.01,
0.1, 5 T in FC and FW mode.
Figure 5.5 shows M(T) at 0H = 0.01, 0.1, 5 T measured while cooling under a
magnetic field (known as field-cooled cooling mode (fcc)) and warming under the same
field (field-cooled warming mode (fcw)) for the parent sample. The rapid increase of M
around Tc= 222 K signals the phase transition from paramagnetic to ferromagnetic state.
Under 0H= 0.01 T, a downward step occurs around TA= 100 K within the long range
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ferromagnetic state in the fcc curve. Upon warming, a pronounced hysteresis occurs
around TA at low fields. The downward step changes into an upward step for 0H= 0.1 T.
This feature is visible even at 5 T although diminished in magnitude. Hysteresis was not
observed at 5 T. Now, let us see what happens to the behaviour of M(T) with Bi doping.















































Figure 5.6: T-dependence of magnetization for 0≤ x≤ 0.10 under 0H= 0.1 T in FC
mode.
Figure 5.6 shows the M(T) measured while cooling under 0H= 0.1 T for x= 0.0,
0.02, 0.05, 0.07 and 0.10 compositions. The M(T) curve broadens with increasing Bi
content and the Tc continuously decreases with increasing Bi content from 232 K for x= 0
to 201 K for x= 0.10. The value of magnetization at 10 K decreases with x. However, the
jump at TA gets slightly suppressed and broadened with increasing x.
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Figure 5.7: M-H loops at 10 K for 0≤ x≤ 0.10 samples. Inset shows the variation of
coercivity (Hc) and spontaneous magnetization (Msp) wit compositions.
Figure 5.7 shows the M(H) curves of PBSCO (x= 0.0, 0.02, 0.07, 0.10) at 10 K. All
the samples are ferromagnetic and the coercive field (HC) increases from 200 Oe for x= 0
to 850 Oe for x= 0.1 and the spontaneous magnetization (MS) decreases with increasing Bi
content as can be seen in the inset of Figure 5.7.
Figure 5.8 shows the M(T) curves under different magnetic fields for x= 0.05 and
0.10 samples. We see that the anomaly at TA is progressively suppressed with increasing
field strength and also with Bi content. As compared to x= 0 sample, the hysteresis around
TA is much reduced in these samples. We also show the zero-field cooled magnetization
for x= 0.05 sample for 0H= 0.01 and 0.1 T. The divergence of field-cooled and zero-field
cooled magnetization is due to increasing magnetic anisotropy and coercive field with
decreasing temperature rather than due to cluster spin behaviour.




























Figure 5.8: Temperature dependence of magnetization (M) for x= (a) 0.05 and (b)
0.10 under 0H = 0.01, 0.1, 1, 5 T in FC and FW mode.
Now, let us see the effect of doping on the behaviour of resistivity in these
samples.
















Figure 5.9: T-dependence of resistivity () under 0H= 0 T for x= 0.0, 0.02, 0.05, 0.07
and 0.10 samples.
Electrical and thermal transport in Pr0.5-xBixSr0.5CoO3
182
Figure 5.9 shows the (T) under zero field while cooling from 400 to 10 K for all
the samples. The x= 0 sample shows metallic-type resistivity (d/dT> 0) from 400 K down
to the lowest temperature. However, (T) shows a clear decrease in slope at Tc, which is
generally attributed to decrease in spin-disorder scattering as T is lowered below Tc. The
x= 0.02 sample still shows a metallic behavior but its resistivity is higher than the parent
compound at all temperatures. In contrast to x= 0.02, the temperature coefficient of
resistivity changes (d/dT< 0) for x= 0.05 sample. It shows semiconducting behavior in
the entire temperature range. There appears no anomaly around Tc in the resistivity.
Similar behavior is seen for higher Bi-contents (x= 0.07 and 0.10). The magnitude of the





































Figure 5.10: T-dependence of resistivity under 0H= 0 T (closed symbols) and 7 T
(open symbols) for x= (a) 0.0, 0.02 (b) 0.05, 0.07, 0.10 samples. Inset shows the MR for
x= 0, 0.02 under 0H= 7 T.
Electrical and thermal transport in Pr0.5-xBixSr0.5CoO3
183
Figure 5.10 shows the temperature dependence of the resistivity, (T), for  all the
samples both in 0H= 0 T (closed symbols) and 5 T (open symbols). In an applied field of
0H= 5 T, the resistivity in the vicinity of Tc decreases in magnitude from its zero field
value causing negative magnetoresistance (MR) for metallic samples. However, the
applied field has negligible effect on the resistivity in the insulating samples. We show the
MR (/= [(5T)-(0T)]/(0T)) as a function of temperature for the metallic samples (x=
0, 0.02) in the inset of (b). The MR is negligible far above and far below Tc, increases as Tc
is approached from both the sides and exhibits a peak at Tc. The x= 0 sample shows the
maximum MR (-6.7%) in the series, followed by x= 0.02 for which the MR is nearly half (-
6.2%). For the insulating samples, the resistivity is hardly affected by the magnetic field
















Figure 5.11: T2 fits in the ferromagnetic metallic region of x= 0, 0.02 samples.
Generally, the ρ(T) curve of ferromagnetic metals follows the linear relation,
ρ(T)= ρ0 + βT2+ αT5, where ρ0 term is related to residual resistivity,  and  are constants
related to electron-electron or electron-magnon scattering and electron phonon coupling,
respectively. [18] In Figure 5.11, we plot ρ(T) versus T2 from Tc down to 10 K for the
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metallic samples x= 0 and 0.02. Generally, electron-electron interaction is more effective
only at low temperature when thermal vibrations of the lattice are subdued. However, we
find (T) versus T2 for both samples are linear up to Tc, which suggest that electron-
magnon scattering has dominant contribution in our compounds. Mandal et al. also found
the T2 dependence for La1-xSrxCoO3 cobaltite system at low temperature and T4
dependence very near the Tc, which is attributed to scattering of charge carriers by
magnetic fluctuations. [19] We have found a T2 coefficient of the order of 10-6 m-cm/K2
for both compounds (for x=0, ρ0= 0.125 mΩ.cm and β= 2.34×10-6 mΩ.cm/K2 and for x=
0.02, ρ0= 0.192 mΩ.cm and β= 2.28×10-6 mΩ.cm/K2 ), which agrees well with the values
reported by Mandal et al. [19] The value of β is very large compared to those of Ni, Co,



















Figure 5.12: Variable Range Hopping fits in the region below Tc for x= 0.07 and 0.10
samples. Inset shows the plot of ln  versus 1/T for x= 0.05, 0.07 and 0.10.
In semiconducting samples, electrical transport at high temperature is mostly
governed by thermal excitation of charge carriers across the band gap, which generally
follows the Arrhenius law:






where 0 is a constant, Ea is the activation energy and kB is the Boltzmann constant.
However, Mott [22] later pointed out that the charge carriers can hop a longer distance at
low temperature in search of another site with similar energy and it can be described by
variable range hopping (VRH) model which follows
1/40
0 exp( )T T 
where, 0 24 / [ ( ) ]B FT k N E  , N(EF) is the density of localized states at the Fermi level
and  is the decay length of the localized wave function. It is found that the dc resistivity
data do not fit to the Arrhenius law for any of the three insulating samples (x= 0.05, 0.07
and 0.10) in the entire temperature range (See the inset of Figure 5.12 where ln  is plotted
against 1/T). Figure 5.12 shows the ln  vs T-1/4 plots for the samples x= 0.07 and 0.10 in
the ferromagnetic region. The curves showed best fit to the VRH model with values of T0=
0.60×104 K and 1.28×104 K for x= 0.07 and 0.10 respectively. Therefore, we conclude that
the transport of carriers in the ferromagnetic phase in these samples is governed by the
Mott-type variable range hopping. However, the sample x= 0.05 does not show a good fit
either to the VRH or Arrhenius models. This could be because this is an intermediate
compound where more than one of these mechanisms takes part in conduction.
5.3.3. Transverse susceptibility
We have measured the rf transverse susceptibility on the parent compound under
different magnetic fields. With lowering temperature we observe a sharp rise in the current
and correspondingly sharp sudden drop in the resonance frequency at the ferromagnetic
transition. The current continues to decrease below the peak and shows another sudden
rise around TA. A corresponding drop in resonance frequency is also observed. The peak
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around Tc gets suppressed with increasing magnetic field whereas the peak around TA is
less sensitive to magnetic field below 1 kG.




















Figure 5.13: Temperature dependence of (a) current through the ICO (I) and (b)

















































Figure 5.14: Field dependence of (a) I and (b) fr at selected temperatures for x= 0
sample.
We show the field dependence of current, I(H), for T= 40-215 K in Figure 5.14(a)
as the field is swept through 0H= +3 kG → -3 kG → +3 kG. At a temperature near Tc,
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I(H, T= 215 K) exhibits a peak at the origin (H= 0). At a lower temperature 210 K, the
single peak splits into double peak which is asymmetric about the origin and occurs on
either side of zero making a butterfly loop in the forward and backward sweeps. With
lowering temperature, the peaks get shifted to higher fields. A similar behaviour is seen in
fr(H) as shown in Figure 5.14 (b).
Assuming that the behaviour of the peaks reflects the change in anisotropy of the
sample, we obtain the values of +Hk at different temperatures and plot them as a function
of temperature in Figure 5.15. Below TA, the anisotropy decreases with increasing
temperature. Around TA, it shows a sudden rise to a value higher than that at the lowest
temperature. With further increase in temperature, decreases and goes to zero around Tc. A
similar sharp change in TA has been obtained by Frey Huls et al. [23] and is a direct
consequence of coupled structural/magnetocrystalline anisotropy transition influenced by
Pr-O bonding. [12]










Figure 5.15: T-dependence of the anisotropy peak fields for x= 0.
5.3.4. Thermoelectric power
We have investigated thermopower with and without magnetic field for all the
samples. Figure 5.16 shows the variation of thermopower (Q) versus temperature under
0H= 0 and 5 T for PBSCO samples with x= 0, 0.02, 0.05, 0.07 and 0.10.
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Figure 5.16: Temperature dependence of thermopower (Q) under 0H= 0 and 5 T for
PBSCO (x= 0, 0.02, 0.05, 0.07 and 0.10).
For the parent compound, x= 0, Q is positive at 400 K (~1.5 V/K) under 0H= 0
T. It decreases with decreasing temperature and changes sign around T= 230 K, which is
close to the Tc. The thermopower decreases (become more negative) down to 100 K and
then increases to become zero at 10 K. A clear hump is seen around 120 K. The
application of magnetic field has negligible effect on Q far above and far below Tc.
However, the crossover to negative values occurs at higher temperature and change in
slope around Tc gets smeared out with a magnetic field of 5 T resulting in negative values
of magnetothermopower (MTEP) around Tc. The anomaly observed at TA is clearly
suppressed under magnetic field progressively. The x= 0.02 sample shows similar nature
as that of x= 0 but the anomaly at TA is too weak compared to the parent compound. Q is
positive throughout the whole measured temperature range for x> 0.05. The sample x=
0.10 with the highest resistivity also shows the highest value of Q in the series and the
applied magnetic field has negligible effect on Q even close to Tc. It is to be noted that Q
in zero field is nearly temperature independent in the paramagnetic state (T> 220 K) but
shows a clear change of slope around the Tc although resistivity does not show any
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Figure 5.17: T-dependence of magnetothermopower (MTEP)
The magnetothermopower [MTEP= {Q(5T)-Q(0T)}/Q(0T)] is calculated for x=
0.05, 0.07, 0.10 samples which show no change in sign around Tc and is shown in Figure
5.17. MTEP is zero in the region far above and far below Tc and shows a maximum around
Tc. x= 0.05 shows a maximum MTEP value of -40%. The magnitude of MTEP decreases
with increasing Bi content.


















Figure 5.18: Temperature dependence of power factor (PF) for PBSCO (x= 0, 0.02,
0.05, 0.07 and 0.10).
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Figure 5.18 shows the temperature dependence of power factor (PF= S2/) for
different samples in zero field. The highest PF is observed for the parent sample (x= 0)
with a maximum value of 0.27W/cm.K2. The maximum value occur around 90 K. For x=
0.02, the maximum value decreases to 0.12W/cm.K2. However, in the case of the
insulating samples showing positive TEP in the entire temperature range, the PF increases
with x. At room temperature and above, the insulating x= 0.1 sample has higher power
factor than the metallic samples (x= 0 and 0.02). For comparison, PF in x= 0.5 was also
less than 1 mW/cm.K2 but the highest PF of 3.7 x10-4 W/m.K2 (= 3.7 W/cm.K2) at 200 K
was obtained for x= 0.1 sample in La1-xSrxCoO3 series. [24] It is possible that enhanced
power factor can be obtained for lower Sr content in PSCO series but we have not done
the studies yet.
Discussion
Although Tc decreases and resistivity at room temperature increases with decreasing
rare earth ion size in R0.5Sr0.5CoO3 (R = La, Pr, Nd, Eu, Sm) series, all the samples in this
series remain metallic down to the lowest temperature. However, Bi substitution in
PBSCO induces metal to insulator transition for x> 0.02. We attribute the loss of metallic
behaviour to 6s2 lone pair of Bi3+ ion which promotes hybridization of Bi-6s2 orbitals and
Co-3d orbitals and initiate localization of doped holes. The hybridization of the 6s2 orbital
of Bi3+ and 2p- orbital of O2- leads to a covalent character of Bi-O bonds as well as change
in Bi-O bond lengths [25,26]. The localized charges hop over a long distance to find
equivalent energy sites in x= 0.07 and 0.1. However, the work presented on this system is
preliminary. The structural data (bond angle, bond distance, etc.) has to be analysed in
detail.
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5.4. Conclusion
From the studies on electrical, magnetic and thermal transport in PBSCO samples, we
have reached the following conclusions.
1. All the samples show a paramagnetic to ferromagnetic transition with their
respective Curie temperatures decreasing with increasing Bi content. The samples also
exhibit another transition/anomaly at a temperature well below the Curie temperature.
With increasing Bi content, the low temperature anomaly gets slightly suppressed in
magnitude but it persists till the highest Bi content studied.
2. The parent sample is metallic and becomes increasingly insulating with Bi doping.
The metallic samples (x= 0, 0.02) showed a negative magnetoresistance with values < 10%
for a field change of 5 T. The resistivity of x= 0, 0.02 samples showed T2 dependence in
the ferromagnetic region whereas x= 0.07, 0.10 samples showed best fit to variable range
hopping model.
3. Transverse susceptibility of the parent sample showed clear features around the
ferromagnetic and low temperature transitions. The anisotropy field obtained from field
sweeps showed a sharp change around the low-temperature anomaly indicating that the
origin of the anomaly is related to a change in magnetocrystalline anisotropy.
4. Thermopower of the parent sample is negative at all temperatures with clear
features around the ferromagnetic and low temperature transitions. The thermopower
becomes increasingly positive with increasing Bi content. The low temperature anomaly is
not clear in the temperature dependence of thermopower of any of the doped samples.
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In this thesis, we have investigated magnetization, resistivity, magnetocaloric and
thermoelectric effects in manganites (Sm0.7-xLaxSr0.3MnO3, La0.7-xPrxCa0.3MnO3) and
cobaltite (Pr0.5-xBixSr0.5CoO3). The Sm-La-SrMnO3 series was also investigated by ac
magnetotransport and transverse ac susceptibility. Studies of magnetocaloric effect in
selected manganites showed coexistence of both normal and inverse magnetocaloric effect
in a single compound with excellent magnetocaloric properties which may be very
promising for the magnetic refrigeration applications. Studies on ac magnetotransport in
manganites using impedance spectroscopy revealed that ac magnetotransport is an
alternative strategy to enhance the ac magnetoresistance in manganites and also a valuable
tool to study the magnetic phase transitions and the magnetization dynamics. RF
transverse susceptibility played an important role in probing the anisotropy of these
materials. Investigations on thermoelectric properties revealed that varying the doping
content can affect the sign of Seebeck coefficient and its behaviour with varying
temperature and magnetic field.
The other important observations obtained in this thesis work have already been
given in the conclusion part of each chapter. In this chapter, overall view of the present




6.1.1. Magnetoresistance, Magnetocaloric effect and magnetothermopower in
Sm0.7-xLaxSr0.3MnO3
An extensive study on the dc and ac electrical transport, magnetic, magnetocaloric
and thermoelectric properties was carried out on SLSMO with x values ranging from 0 to
0.7. We summarise the major highlights of our study below.
1. Magnetization studies on SLSMO highlighted the importance of 4f-3d
interaction which had been overlooked so far in hole-doped manganites. The 4f-3d
antiferromagnetic interaction between the rare earth (Sm) and transition metal (Mn)
sublattices promotes spin-reorientation transition in the Mn-sublattice. This causes
anomalous maximum in the field cooled-magnetization at T= T*<< Tc in all but x = 0.7
samples. [1] The SRT occurs at temperatures as high as 140 K in x = 0.6. this is the first
evidence for SRT in a ferromagnetic metallic manganite.
2. DC electrical resistivity showed composition-driven insulator to metal
transition for x= 0.1 and a systematic increase of the resistivity peak towards high
temperature with increasing x. This was suggested to be due to widening of the eg-electron
band width and decrease of electron-phonon interaction with increasing x.
3. We showed the coexistence of normal MCE and inverse MCE over a
range of compositions in single-phase material. The magnetic entropy change at the Curie
temperature is nearly constant (-Sm= 4.3±0.2 J/kg.K for 0H= 5 T) for all the
compositions with a refrigerant capacity of nearly 250 J/kg. While the normal MCE is due
to ferromagnetic exchange-interaction between Mn spins, it is suggested that the inverse
MCE appears to be caused by antiferromagnetic coupling between Sm-4f and Mn-3d
magnetic moments. Coexistence of normal and inverse MCEs in a single material is very
interesting from the viewpoint of magnetic refrigeration because of the fact that the sample
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can be cooled by adiabatic magnetization and demagnetization in different temperature
regions which would enhance the efficiency of magnetic refrigerator. The tunability of Tc
over a wide temperature range with high values of magnetic entropy change and
refrigerant capacity makes this system a potential candidate for efficient refrigeration over
remarkably broad operating temperatures.
4. Unusual ac magnetotransport behavior is observed in these compounds.
For x< 0.2 compounds a peak is observed around Tc with a frequency-induced splitting to
double peaks in the in-phase component (’) and a sharp dip in the out-of-phase
component (’’). It is suggested that the frequency-induced splitting behavior in ’(T) is
possibly originated from the dispersion in real part of permeability. The double peak
behavior disappeared in higher La-doped compounds (x> 0.2) which is attributed to the
decrease in dc resistivity with increasing La content. With increasing frequency of the ac
current, anomalies develop in the ac resistance and the reactance at the Curie temperature
and at a temperature T* much below Tc in zero magnetic field for x> 0.2. A low field
magnetoimpedance behaviour is observed in higher La-doped compounds around both Tc
and T*, and the observed results are understood qualitatively in terms of changes in the
skin depth and transverse permeability of the sample around Tc and T*. [2,3]
5. A comparative study of the rf transverse susceptibility in two compounds
(x= 0.6 and 0.7) revealed interesting features. While a rapid increase in current (I) and a
sudden drop in resonance frequency (fr) is observed around Tc for both compounds, a low
temperature cusp occurs at T* for x= 0.6. The field dependence of I and fr showed peaks
corresponding to the anisotropy fields (Hk). The temperature dependence of Hk showed a
sudden rise below Tc for both compounds and a slow decrease below T* in x= 0.6. The
decrease in anisotropy below T* further supports the possibility of occurrence of spin-
reorientation transition. We concluded that TS is a powerful technique to probe the
magnetic properties in a sample.
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6. The temperature, magnetic field and doping dependence of thermopower
(Q) was studied for the first time in this series. It was found that thermopower changes
sign from positive to negative with increasing La content, i.e., with increasing band width.
Interestingly for the samples with x≤ 0.2, which show positive peak in thermopower, the
peak does not coincide with Tc or resistivity peak.  It was suggested that thermopower is
sensitive to magnetic short range order in these compounds. A close correlation is
observed between the behaviour of magnetoresistance and magnetothermopower with
temperature and magnetic field illustrating the presence of a common mechanism
connecting the two phenomena.
6.1.2. Electrical, magnetic and magnetothermal properties of
La0.7-xPrxCa0.3MnO3
From a detailed study on the electrical, magnetic and magnetocaloric and
thermoelectric properties of LPCMO for x= 0 to 0.4, we obtained the following results.
1. All the samples in this series show first-order PM to FM transition that is
accompanied by an insulator- metal transition. The width of hysteresis, in both resistivity
and magnetization, increases with increasing Pr content. The Tc is found to shift down with
increase in Pr content.
2. Unlike the previously investigated SLSMO series, Sm is negative in the
entire temperature range for all H values and shows a peak around Tc. Due to the first
order nature of the ferromagnetic transition, the peak shifts to higher temperatures with
increasing magnetic field. Huge values of -Sm are obtained (8.23 J/kg.K for x= 0 at T=
257 K for 0H= 5 T) which decreases increases with increasing x (5.38 J/kg.K for x= 0.4
at T= 189 K for 0H= 5 T). A considerable value RC ranging from 200- 260 J/kg is
obtained for all the samples. The large Sm in this compound is due to the field-induced
metamagnetic transition in the paramagnetic state. Large MCE and RC values with
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negligible hysteresis in temperature and magnetic cycles are desirable for practical
magnetic refrigeration applications. A composite made of closely packed compositions of
this series can show a little decrease in Sm while maintaining the spread of Sm over a
wide temperature. [4]
3. Magnetocaloric effect was investigated also using direct (calorimetric)
methods of DSC and DTA in addition to the indirect method. Latent heat and magnetic
entropy change during the field induced metamagnetic transition was measured with DSC
and the temperature change was directly monitored with a DTA for x= 0.3 sample.
TheSm calculated from direct and indirect methods agree well with each other. [5]
4. The temperature and field dependences of thermopower was measured for
two selected compounds (x= 0 and 0.25). The thermopower was negative at all measured
temperatures and fields for the parent compound whereas it was found to crossover from
negative to positive above Tc for the Pr-doped sample. A close correlation is observed
between the behaviours of resistivity and thermopower with varying temperature and
magnetic field.
6.1.3. Electrical and thermal transport in Pr0.5-xBixSr0.5CoO3
The main results of electrical, magnetic and thermal transport studies in PBSCO
are summarised below.
1. The compounds exhibit an anomalous second magnetic transition (much
below the ferromagnetic transition). With Bi doping, the Tc gradually shifts down and the
sample changes from metallic to insulating.
2. The anomalies at Tc and TA are well evident in the rf transverse
susceptibility measurements for x = 0 sample.
Conclusions
200
3. An investigation on thermopower revealed that Bi-doping causes a
gradual change from negative values of thermopower to positive values. A large
magnetothermopower (= 40 % for 0H= 5 T) was observed in x= 0.03.
6.2. Future work
Various exotic properties of Mn and Co-based perovskite oxides have been brought
out in this thesis work through a detailed investigation of chosen systems using multiple
techniques. However, there are many open questions that need to be answered:
1. We have suggested that the origin of the low T- anomaly in SLSMO
sample is connected to a change in the direction of easy axis for the Mn spins, promoted
by competition between Sm-Mn ferrimagnetic interaction, single ion anisotropy of Sm3+
and magnetocrystalline anisotropy of the Mn sublattice. However, we need to corroborate
this idea based on a direct experimental proof. Independent magnetization measurements
along different crystallographic directions in single crystalline sample are needed to verify
spin reorientation. Element-specific techniques such as X-ray Magnetic Dichroism
(XMCD) experiments will be useful to pinpoint the ordering of Sm and Mn moment in our
compounds.
2. From ac transport measurements on metallic samples SLSMO with x >
0.5, it is evident that magnetic control of permeability is an efficient method to enhance
low-field magnetoresistance in manganites. To gain better understanding of ac
magnetotransport phenomenon, magnetoimpedance studies on epitaxial thin films with
varying thickness will be useful. The behaviour of ac transport in high resistive
compounds (x< 0.2) has to be modelled properly with resistor-capacitor-inductor network
and the quantitative data analysis has to be done.
3. Thermopower remains one of the least studied properties in manganites.
While we have shown systematic changes in thermopower with increasing bandwidth in
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Sm-La-SrMnO3 series, theoretical modelling of thermopower (to fit the experimental data
below and above Tc and to predict the sign change) is still lacking.  Similarly, theoretical
modelling has to be developed to explain the observed correlation between
magnetoresistance and magnetothermopower.
4. The field-induced metamagnetic transition observed in LPCMO system
was suggested to destruction of magnetic polarons and increase in volume fraction of FM
phase above a critical value of field. The possible connection between magnetic entropy
change and magnetovolume effect that can accompany field induced metamagnetic
transition needs to be established by independent magnetostriction or X-ray diffraction
under magnetic field. To understand the contribution of charge-ordered clusters to the
observed metamagnetic transition, techniques like high resolution electron microscopy or
neutron scattering are essential.
5. In order to understand how Bi-substitution destroys metallic state in
PBSCO, spectroscopic measurements which can directly probe the band structure such as
X-ray absorption, X-ray photo emission, etc., have to be done. X-ray absorption
spectroscopy (XAS) provides element-specific information about the density of states,
local atomic structure, lattice parameters, molecular orientation, the nature of chemical
bonds, thus enabling the study of changes in local distortion due to doping. In X-ray
emission (XES) spectroscopy, the emitted radiation is dominated by decay of valence
electrons from an atom and therefore can probe the occupied valence states and the change
in valence with doping. It has been proved that a combination of both was successfully
employed to study higher level of distortion in Bi containing systems. [6] The structural
data on these samples needs a detailed analysis.
6. Thermal conductivity has to be determined to compute the figure of merit
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